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ABSTRACT
SYNTHESIS AND CHARACTERIZATION OF NANOALLOYS AND NON-PRECIOUS
METAL CATALYSTS FOR ENERGY AND ENVIRONMENTAL APPLICATIONS
Heather M. Barkholtz, Ph.D.
Department of Chemistry and Biochemistry
Northern Illinois University, 2016
Dr. Tao Xu, Director
Two major project areas are reported in this work. First, a new lithium-assisted
dissolution-alloying nanoalloy synthesis technique will be introduced. The development of a new
nanoalloy synthesis method is desirable to circumvent issues with traditional co-reduction of
metal salt methodology. Co-reduction of metal salts can result in unintended core-shell formation
due to different metal ion reduction potentials, as well as oxidation of one component resulting in
dealloying of the material when it is exposed to air. In order to best address these issues with a
new technique, Pd3Ag, PdPt, and PdZn systems were studied because Pd3Ag and PdPt tend to
form core-shell structures while PdZn is incredibly difficult to synthesize due to the propensity
of Zn to oxidize. The metal nanoalloy systems described in this work (Pd3Ag, PdPt, and PdZn)
were prepared by directly dispersing individual bulk metal alloys (Pd3Ag) or individual bulk
metals (Pd, Pt, and Zn) into molten lithium to form an atomic metal dispersion. The lithium melt
is then cooled, removed from the glove box, and converted to LiOH, which allows for the metal
atoms to self-assemble into nanoalloys. Alloy structure and nanoscale size were confirmed via
XRD, TEM, EXAFS, and XANES methods. The catalytic activity of the Pd3Ag system was
investigated towards the hydrogenation of acrolein, and the PdPt system was used for methanol
electro-oxidation. Both Pd3Ag and PdPt nanoalloy systems gave substantial improvements in
their respective catalytic applications over a Pd or Pt standard, respectively.

The next project focuses on the rational design and preparation of metal-organic
framework (MOF)-derived electrocatalyst materials for the oxygen reduction reaction (ORR) in
proton exchange membrane fuel cells (PEMFCs). MOF-derived electrocatalysts are nonplatinum group metal (non-PGM) materials and are leading candidates for transportation
applications due to their low cost, relatively low operating temperature, capacity to achieve high
power density, and direct conversion of chemical to electrical energy acting to improve fuel
utilization efficiency. Cathodic ORR is typically sluggish compared to the anodic hydrogen
oxidation reaction, requiring more catalyst material to achieve comparable performance.
Therefore, research into non-PGM catalysts focuses on the cathodic material design and
activation.
In this part of the dissertation the focus is to tackle the aggressive milestones set by the
U.S. Department of Energy for non-PGM catalysts. First, a series of investigations into the effect
of different iron additives and carbon additives on the ORR performance and electrode
characteristics was carried out using a one-pot all solid-state synthesis technique to prepare ZIF8 materials. ZIF-8 is a specific type of MOF which has a Zn2+ metal center bonded to two 2methylimidazole ligands, forming a three-dimensional matrix with high surface area. After the
ZIF-8 was prepared, it was ball milled, pyrolyzed, acid washed, and thermally activated once
again in a NH3 environment to yield ORR electrocatalysts consisting of an iron and nitrogen doped carbon (Fe-N-C) morphology. This one-pot all solid-state synthesis method also allows
for investigation into the effect of changing 2-methylimidazole to imidazole on the ORR activity.
The effect of this change was determined through catalyst morphology and component
characterization and well and electrochemical methods.

Finally, ZIF-8 synthesized by wet chemistry was used to prepare the same type of Fe-NC material as described above. A simple method of tailoring the surface structure and porosity is
introduced through careful control of the time spent in NH3 environment. NH3 serves to etch the
surface of the material as a function of time spent, which results in widening of pores and
removal of surface atoms. Careful control and optimization of NH3 activation conditions allowed
for significant improvements in ORR activity in a single fuel cell. Finally, the impact of triple
phase boundary penetration on air fed fuel cell data was investigated. Furthermore, it was
discovered than when air is used as the oxidant fuel, a break-in period of catalyst improvement
exists during the first few polarization curves. It is proposed that scanning to high currents
produces water in microporous areas, wetting Nafion ionomer and including those areas in the
TPB network.
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CHAPTER 1
INTRODUCTION TO CATALYSIS AND NANOMATERIALS
1.1 Introduction
This dissertation describes two major projects. The first project focuses on development
and expansion of a transformative synthetic process to prepare the platinum-group metal (PGM)
nanoalloys. Current strategies to prepare nanoalloys involve a so-called co-reduction approach in
which ligated metals or metal salts are used as building blocks to prepare nanoalloys. Using
ligated metals or metal salts introduces inherent complications such as the preparation of
precursors, harsh processing conditions, different metal reduction potentials, and oxidation of
one or more components. In order to circumvent limitations of co-reduction nanoalloy
preparation, a new lithium-assisted synthesis technique is developed. This lithium - assisted
synthesis technique involves the use of bulk metal alloys or individual bulk metals which are
dispersed into molten lithium. The lithium medium acts as a solvent into which the bulk alloys or
metals are completely ruptured into metal atoms. The lithium is converted into lithium
hydroxide, which allows the metal atoms to self-assemble into small nanoalloys.
Lithium is unique in that it is able to rupture metal-metal bonds far below the melting
point of individual metal components. Lithium also acts as a constantly reducing environment in
which metal atoms or metal nanoalloys are protected from oxidation, allowing for nanoalloys to
be prepared that typically oxidize at ambient conditions. Additionally this lithium-assisted
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synthetic method circumvents the need to use any metal salts or ligated metals, which eliminates
use of harsh or toxic organic solvents or reducing agents. Development of the lithium-assisted
synthetic method initiates new pathways to prepare nanoalloy systems which are difficult or
impossible via co-reduction approaches.
In the second project, support-free non-PGM catalysts are prepared for the cathodic
oxygen reduction reaction within proton exchange membrane fuel cells (PEMFCs). PEMFCs are
promising alternatives to combustion engines for energy production, especially in the automotive
sector. Fuel cells convert chemical energy (here, H2 and O2 gasses) directly into electricity,
producing only water and heat byproducts. Although PEMFCs have the capacity to replace
combustion engines in vehicles and thereby mitigate toxic greenhouse gas emissions, cost is a
substantial hurdle to overcome. Currently, state-of-the-art PEMFCs operate with relatively high
loadings of platinum metal on both the anode and cathode, contributing to a significant fraction
of the overall cost. Replacement of platinum metal with catalytically active non-PGM
electrocatalysts will cause a dramatic reduction in fuel cell production cost.
Research in non-PGM catalysts typically focuses on Earth-abundant and inexpensive
transition metals (such as Fe or Co) embedded in a nitrogen-doped carbon matrix. Unfortunately,
the catalytic activity of transition metal and nitrogen-doped carbon (TM-N/C) is significantly
lower than that of Pt. One approach to increasing the catalytic activity of TM-N/C materials is to
increase the surface area and porosity in an effort to improve the number of active sites.
Metal-organic frameworks (MOFs) are three-dimensional crystalline materials composed
of repeating metal centers and organic linkers. These highly ordered materials are of a buildingblock variety with tailorable surface area, porosity, and chemical components. Fine tuning of
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MOF structure and morphology provides exciting opportunities for the preparation of rationally
designed catalyst precursor materials.
ZIF-8, is a zeolitic imidazolate framework (ZIF) with a zinc center ligated by 2methylimidazole ligands exhibiting high surface area and porosity. ZIF-8 acts as a microporous
host for iron additives which is pyrolyzed to prepare TM-N/C materials with activity towards the
ORR. Although these materials have shown promise as replacements for Pt in PEMFCs,
significant activity enhancements must first be achieved. It is shown that these TM-N/C
materials are highly sensitive to synthesis and processing conditions. Through systematic
investigation into the preparation of ZIF-8 materials, use of different iron additives, thermal
activation conditions, membrane electrode assembly fabrication, and other processing steps
significant improvement in the cathodic ORR activity is achieved and demonstrated at the fuel
cell level. The non-PGM catalysts developed and described here represent one of the best if not
the best fuel cell activities reported to date.
1.2 Basic Principles of Catalysis
Catalysts are neither reactants nor products, although they do participate in chemical
reactions by lowering the activation energy for a given process, thus speeding up and/or allowing
the reaction. Research into discovering and improving catalytic reactions is such a fundamental
aspect of chemistry that between 1901 and 2012, Nobel Prizes have been awarded to people
whose research related to chemical or enzymatic catalysis 15 times, or about 19% of prize
winners.1 Catalysts have a profound and widespread impact on daily life including food
processing, beer fermentation, production of plastics, catalytic converters, and creation of cell
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phone components.2 Manufacturing industries rely quite heavily on catalysts to make a reaction
proceed more efficiently or with a high degree of specificity.
The relationship between a reaction’s activation energy and the rate at which it proceeds
was first described in 1889 by Svante Arrhenius. Through an observation that reaction rates were
sensitive to temperature, he deduced a simple relationship between the rate constant, activation
energy, and temperature now known as the Arrhenius rate law as shown in Equation 1.1:
𝐸𝑎

𝑘 = 𝐴𝑒 − 𝑅𝑇

(1.1)

where k is the reaction rate constant, A is the pre-exponential factor which accounts for the
collisions and orientation of interacting particles, Ea is the activation energy of the reaction, R is
the gas constant, and T is the absolute temperature. The activation energy is considered to be the
required energy interacting molecules must have for a reaction to occur. To improve the reaction
rate, the amount of successful particle interactions (resulting in a desired reaction) must be
increased. One method of increasing the amount of successful particle interactions is to lower the
activation energy required for an interaction to be successful. Many catalysts act to lower the
activation energy of a specific reaction by providing an alternate route for the reaction, thereby
improving the reaction rate as shown in Equation 1.1.
After the Arrhenius rate law demonstrated empirically that a reaction rate is dependent
upon activation energy and absolute temperature, the transition state theory (TST) was developed
in the 1930s. The TST provides a simple model of intermediate formation as reactants are
converted into products, therefore including mechanistic considerations into the rate constant
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calculation.3 TST dictates that one or more reactive intermediates are involved in the conversion
of reactants to products, which further develops understanding of the pre-exponential factor, A,
and the activation energy, Ea. Including the additional information TST revealed gives a new
expression for a reaction rate constant, given in Equation 1.2,

𝑘=

𝑘𝐵 𝑇
ℎ

𝑒

−

∆𝐺≠
𝑅𝑇

(1.2)

where kB is the Boltzmann constant, h is the Planck constant, and ΔG≠ is the Gibbs free energy
difference between reactants and reactive intermediates. Since ΔG can be expanded, as shown in
Equation 1.3,
∆𝐺 = ∆𝐻 − 𝑇∆𝑆

(1.3)

changing the enthalpy (ΔH) representing the internal energy of a reactive intermediate, or
entropy (ΔS), representing the degree of disorder of a reactive intermediate can result in an
altered reaction activation energy. Catalysts act to provide different reaction pathways that
typically involve the formation of altered or new reactive intermediates. In this way, catalysts are
able to change the reaction’s activation energy and subsequently the reaction rate constant.
In addition to improving rate constant, catalysts may also serve to favor one mechanistic
pathway over others, as many reaction pathways typically occur simultaneously.4 Designing a
reaction to have a preferred outcome, therefore favoring one reaction pathway over the rest, is
termed selectivity. Catalyst selectivity is incredibly important for designing an economical and
efficient process. Generally catalyst selectivity can be divided into three subsections:
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chemoslectivity, regioselectivity, and stereoselectivity. Chemoselectivity is the targeting of a
specific functional group resulting in one major product occurring through one reaction
pathway.5 Regioselectivity generates one major product of a certain isomer, or specific chemical
structure.6 Regioselectivity derives from the preferential site of attack of a reagent on a
functional group in a reaction pathway. Stereoselectivity is the formation of a product with only
one stereoisomer, or atomic three dimensional orientation in space.7 Stereochemistry arises from
different electronic or steric effects in the reaction pathway.
Energy and environmental applications of catalysis are a hot topic in recent years due to
increasing concerns about global climate change. Demands for alternative technologies to fossil
fuels have sparked much research into direct methanol and proton exchange membrane fuel cells
which rely exclusively on catalysts to convert chemical energy of the fuel into electrical energy
for the vehicle.8 Currently, precious metals such as platinum and palladium are considered
benchmark catalysts due to their unsurpassed activity and selectivity for energy conversion and
utilization reactions.9,10 Improvements in catalyst activity and selectivity have been realized by
tailoring the catalyst particle size, metal components, and morphology. Catalyst activity and
selectivity serves to decrease precious metal usage and therefore the cost of new energy and
environmental technologies involving these materials.
1.3 Types of Catalysts
Catalysts are primarily divided into two categories based on their phase with respect to
the reactants. A homogenous catalyst has the same phase as the reactants, whereas a
heterogeneous catalyst has a different phase than the reactants.
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A homogenous catalyst exists in the same phase as the reagents it is catalyzing. One
critical type of homogenous catalyst is an enzyme. Enzymes catalyze many life sustaining
reactions within the cell. For example, the enzyme carbonic anhydrase rapidly converts CO2 and
H2O to H+ and HCO3- which assists in the transfer of CO2 into the blood stream from
surrounding tissues and again into the lungs from the blood.11 This catalytic reaction is also
critical for maintaining the pH of the blood and other tissues within the body.
Heterogeneous catalysts act to speed up a reaction while existing in a different phase than
the reactants. This typically means that the catalyst is a solid and the reactants are a gas or a
liquid. Since the reaction is occurring on the solid’s surface, it is critical that the catalyst be of a
high surface area to ensure good contact between the catalyst and the reactants. Heterogeneous
catalysts represent that majority of industrial catalysis processes. For example, Mo-Co catalysts
on alumina catalyze the desulfurization of petroleum, Pt or Pd are found in a vehicle’s catalytic
converter to clean the exhaust gas, and hydrogen gas is produced through the steam reforming
reaction catalyzed by Ni.12
Nanocatalysts are a subset of heterogeneous catalysts where the catalytic material has at
least one dimension in the nanoscale. Nanocatalysts are often favored over their bulk
counterparts due to higher surface areas available to perform the catalytic reactions due to the
very small dimensions of these materials. Typically, sizes can be controlled down to less than 10
nm, depending on the system studied. Furthermore, the position and dispersion of the
nanomaterials on a support can also be controlled during the synthesis process to give better
control of the catalytic reaction.
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1.4 Basic Principles of Nanomaterials
1.4.1

Definition and History of Nanomaterials

Nanomaterials are defined as materials having at least one dimension in the nanoscale, or
below 100 nm (1 nm = 10-9 m).13 The extremely small sizes of nanomaterials produce unusual
physical and/or chemical properties which are distinct from both their parent bulk components as
well as their molecular counterparts.14 Although present day research and commercial products
view nanomaterials as so common they are nearly mundane; their discovery and investigations
are relatively recent developments. The term “nano”, derived from the Latin word “nannos”
meaning “dwarf”, was first introduced in the 1960s.8 While the study of nanomaterials is a
relatively new and thriving research area, nanomaterials have existed forever. Nanomaterials
occur in nature as proteins, viruses, aluminosilicates, metals, and other materials.15 As such,
humans have been unknowingly exploiting nanomaterials for thousands of years. Perhaps most
famously, gold nanoparticles have been used in stained glass to give a striking ruby color.16 One
such example is the Lycurgus cup, which is green in color under normal conditions, but if
illuminated from inside the cup, the color changes to red, see Figure 1.1.15 Only recently has it
been uncovered that the addition of small amounts of gold into the glass-making process
produced gold nanoparticles, which are responsible for the color-changing properties of this
exquisite ancient glass.17 This color changing phenomena is now understood to be an example of
the quantum size effect, which is the profoundly size (and shape) dependent electronic and
optical properties of nanomaterials.13

9

Nanomaterials were first mentioned in the scientific community in 1857 by Michael
Faraday when he published his work titled “Experimental Relations of Gold (and other Metals)
to Light”.18 This work described the formation of a ruby-colored solution from the reaction of
gold salt and phosphorus in carbon disulfide. Michael Faraday discussed this colloidal “ruby”
gold and how the solution changed color under different lighting conditions,18 which is the same
phenomena displayed by the Lycurgus cup. This quantum size effect represents one of the
principal motivations for present day research on nanomaterials. For example, gold had for a
long time been considered catalytically inactive.19 When the dimension of gold particles was
reduced to the nanoscale, extraordinary catalytic performance towards low-temperature oxidation
of carbon monoxide20 and hydrochlorination of ethyne to vinyl chloride were discovered.21
1.4.2

Useful Properties of Nanomaterials

Properties of nanomaterials are significantly different from either bulk parent materials or
molecular counterparts. These differences in physical and chemical properties are due to one or
more of the following phenomena in a nanomaterial; a large fraction of surface atoms, spatial
confinement, or imperfections which do not exist in parent bulk materials.22
As a particle decreases in diameter, the fraction of its atoms residing at the surface
increases relative to the total amount of atoms. Atoms residing within the bulk of a particle have
more neighbors with greater coordination, form more bonds, and therefore are more stable than
surface atoms.23 Surface atoms have more broken bonds than bulk atoms due to their lower
coordination; this will increase a particle’s surface energy, as Equation 1.4 dictates.
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Figure 1.1: The Roman-era Lycurgus cup. To the left is the cup under normal illumination
conditions, where the coloring is green. To the right is the cup when illuminated from within,
displaying a ruby color due to the unique properties of gold nanoparticle embedded within the
cup material. This figure is reproduced with permission from Heiligtag, F. J. Mater. Today
2013.15
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𝛾 = (2) 𝑁𝑏 𝜀𝜌𝑎

(1.4)

Equation 1.4 means the surface energy of a particle is related to the number of broken bonds, Nb,
the bond strength, ε, and the density of surface atoms, ρa. Moreover, the less stable surface atoms
residing at edges, steps, or corners may simply be missing from a single crystal due to this
unsaturated coordination and high surface energy. Reorganization of surface atoms will serve to
lower the surface energy somewhat, making Equation 1.4 an overestimation. Even taking surface
reorganization into account, the surface energy of a nanoparticle is much higher than its bulk
counterpart. For the scope of this work, the most impactful phenomena arising from a particle
with a high fraction of surface atoms is the immense boost to catalytic activity this provides.
In addition to simply having more surface atoms available to undergo catalytic reactions,
nanomaterials also exhibit the quantum size effect which is the modification of band gap position
and/or structure.24 The band gap which exists between the conduction band and valence band in a
material is one of the most important parameters for determining the properties of a material.
Band gap position and structure dictates the conductivity, optical transitions, and electronic
transitions of a material.24 When the size of a material is decreased into the nanoscale (typically
below 10 nm), quantum size effects that are dependent on the nanomaterial composition begin to
appear.
1.5

Nanoparticles/Nanoalloys as Catalysts

Nanomaterials existing in a particulate form are called nanoparticles. Nanoparticles
usually exhibit both a high fraction of surface atoms and the quantum size effect, making them
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excellent catalysts. To be used as a heterogenous catalyst, metal nanoparticles are typically
attached or supported on a high surface area material to provide good dispersion and stability of
the catalyst material. Reactants then diffuse through the support material and interact with the
metal nanoparticles. The vast applicability and high catalytic activity of metal nanoparticles and
bimetallic nanoparticles (nanoalloys) are exemplified by the large increase in publications on the
subject, as is shown in Figures 1.2a and b. It is easy to see that starting in the year 2000, the
amount of publishable research into metal nanoparticles and bimetallic nanoparticles rose
drastically and continues to increase into present day. The widespread research on metal
nanoparticles and nanoalloys is due to the extensive industrial reactions they are able to
efficiently and selectively catalyze. Nanoparticle catalysts are used to prepare the following
everyday materials:
(1) Metal nanoparticles are used to prepare herbicides and diesel fuel through dehalogenation
reactions.25
(2) Nylon fibers are formed through an oxidation reaction involving cobalt nanoparticles.25
(3) Metal nanoparticles are used to catalyze C-C bond formation to prepare important
compounds such as vitamin E.25
(4) Palladium nanoparticles reside in a vehicle’s catalytic converter, which acts to clean the
exhaust gas.26
(5) Gold nanoparticles are starting to be used in medical applications to deliver anticancer
drugs.27
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Supported nanoalloys are useful for catalytic reactions due to one of the following properties
commonly seen when two metals are alloyed: the ligand effect or the ensemble effect. The ligand
effect is the electronic modification of one or both constituents due to the formation of
heteronuclear metal-metal bonds.28 These new heteronuclear metal bonds can cause electron
transfer from one metal to the other or orbital rehydridization of one or both metallic
components. For example when Pd and Ag are alloyed, Ag gains s and p electrons from Pd and
donates d electrons to Pd.29 Gaining d electrons causes the center of the d-band electrons to shift
away from the average electrochemical potential for electrons in Pd atoms, which enhances
atomic-like behavior in Pd. The ensemble effect is the alteration to surface geometry when
alloying occurs. For example, the Pd and Pt are alloyed the surface is a combination of Pt and Pd
atoms. When PdPt alloys are used for direct methanol fuel cells, CO poisoning is a great concern
because Pt-CO coordination will deactivate the catalyst. However, CO poisoning requires three
neighboring Pt atoms in order to coordinate to the surface of the nanoparticle.30 That means that
when Pd and Pt are alloyed the surface of the nanoparticle does not contain three neighboring Pt
atoms for the CO to coordinate to and CO poisoning is negated, which causes the PdPt
nanoalloys to be more catalytically active towards methanol oxidation in direct methanol fuel
cells than monometallic Pt nanoparticles.
1.5.1

Conventional Synthetic Method and its Limitations

Metal nanoparticles are often synthesized as a colloidal dispersion where insoluble
nanoparticles are a precipitated suspension in an aqueous media/solvent. This typically utilizes
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Figure 1.2: Metal nanoparticle and nanoalloys publications per year. The growth in the number
of publications dealing with (a) metal nanoparticles (1990 – 2014) and (b) bimetallic
nanoparticles or nanoalloys (1990 – 2015). Source: SciFinder Scholar.
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the reduction of metal salt precursors in diffusion – limited growth of metal nanoparticles.
Diffusion - limited growth involves the use of one of more of the following diffusion controls:
(1) Extremely low reactant concentrations to slow down the reaction
(2) A viscous reaction media that also slows down the reaction
(3) And/or surface passivation through a designed monolayer barrier to control the diameter
and shape of resulting nanoparticles.31
Synthetic pathways involving diffusion - limited growth have many advantages such as:3
(1) Easy stabilization of nanoparticles to prevent the assembly of nanoparticles into a large
aggregate whose properties are no longer like that of a nanoparticle (agglomeration),
(2) Easy extraction of nanoparticles from the reaction media, usually through centrifugation
or filtration
(3) Easy surface modification for catalytic applications through removal or alteration to the
monolayer constituents
(4) Tunable process control through varying solvent, reducing agent, concentration of
reagents, and other factors such as temperature.
(5) The opportunity for mass production.
Most synthetic pathways to prepare metal nanoparticles use both very dilute reactants and
surface passivation through polymeric monolayer growth. For example Pd nanoparticles can be
prepared via hydrogen reduction of dilute PdCl2 in an aqueous solution with
polyvinylpyrrolidone (PVP) polymer stabilizing agents (monolayer deposited on Pd nanoparticle
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surface).4 The first step is to hydrolyze PdCl2 to form Pd(OH)2 using sodium carbonate as shown
in Reaction 1.5.
PdCl2 + Na2CO3 + 2 H2O  Pd(OH)2 + H2CO3 + 2 Na+ + 2 Cl-

(1.5)

Next, the Pd(OH)2 is further reduced to Pdo using H2 gas as shown in Reaction 1.6. The Pdo
nanoparticles are surrounded by a single layer of PVP to control their diameter, shape, and
prevent aggregation.
Pd(OH)2 + H2  Pdo + 2H2O

(1.6)

Metal nanoalloys may also be prepared through chemical co-reduction of metal salts
where two or more metal salts are added to a solvent and reduced simultaneously to prepare
alloyed nanoparticles. For example, PdPt nanoalloys can be prepared by the co-reduction of
palladium (II) acetylacetonate (Pd(acac)2) and platinum (II) acetylacetonate (Pt(acac)2) in
oleylamine which serves as both a viscous solvent and a stabilizing ligand. A reducing agent,
borane morpholine, is added to the reaction mixture to catalyze nanoparticle formation.5
An important aspect of metal nanoparticle catalysis is that the surface area available to
catalyze a reaction is large. This is especially true in the case of precious metal catalysts, which
are very expensive. Almost all diffusion – limited reduction of metal salt synthesis methods
employ a stabilizing agent that forms a monolayer on the surface of the prepared metal
nanoparticles or nanoalloys. These stabilizing agents are attached to the surface of the
nanoparticle and therefore reduce the available active sites for a catalytic reaction.32
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Two approaches are available to prepare nanoparticles from metal salts without the
growth of a surface monolayer of stabilizing ligands. First, nanoparticles may be grown directly
onto a support material through impregnation. This is accomplished by saturating the support
material with precursor solution, then removing the solvent. Metal nanoparticles are formed by
then reducing the metal precursor through decomposition at high temperatures.33-35 High
temperature treatments often result in unintended support decomposition as well as aggregation
of particles. If high temperatures must be avoided, the metal precursors may be reduced at lower
temperatures (200 oC) under a flow of hydrogen gas.30 Metal nanoparticles prepared via
impregnation often have a wide size distribution. Impregnation methods rely on interactions
between the support surface and the precursor to limit nanoparticle growth. High-surface-area
carbon materials represent the most used support material for nanoparticle led catalytic
reactions.36-38 Metal precursor dispersion is greatly influenced by the polarity of the solvent, the
ionic nature of the metal precursor, the solvent’s pH, and the surface properties (such as charge,
determined by its isoelectric point) of the carbon support.39-41 Preparation of widely dispersed,
small (< 2 nm) particles are achieved by having many precursor anchoring sites, typically
oxygen surface groups, on the high surface area carbon. Pretreatment of carbon supports is then
required involving one of more of the following methods: the use of concentrated acids to
prepare acidic anchoring sites like - C – OH2+ ,42,43 or the use of concentrated bases to prepare - C
– O- basic anchoring sites.43 Anchoring coordination sites can also exist without pretreatment
where the π electrons in graphite coordinate to the reagents. For example, in the preparation of
Ag nanoparticles with a narrow size distribution, it is assumed that the graphite π electrons
coordinate to the unoccupied 5p orbitals of silver nanoparticles, acting as an anchor.44
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Although reduction of metal salts is an incredibly robust, simple, and versatile metal
nanoparticle synthetic strategy, there are several limitations:
(1) The harsh conditions used to prepare metal salts. Metals are found within the Earth as
ores which must be reduced into their metallic state and purified. Metal salts are then
prepared by oxidizing the bulk metal into a desired complex.
(2) Reduction of metal salts often requires the use of toxic reagents and energy-intensive
methods. Also, many solvents and reducing agents pose an environmental concern and
must be properly disposed of.
(3) High temperature treatment of nanoparticles to either remove stabilizing ligands or to
reduce the precursors can cause aggregation as well as sintering of the support material.
Hence, the use of different support materials to aid in catalysis is constrained. The same
issue presents itself if harsh support material pre-treatment is required.
(4) Precursor ions may enter very small pores of the support material, which are catalytically
inaccessible to reagents. These areas are so-called ‘dead volumes’ since they do not
contribute to catalytic reactions and therefore are inefficient utilization of catalyst.
(5) Metal nanoalloys that have metal components with a large difference in reduction
potentials can form core-shell structures instead of atomically intermixed alloyed
materials. While core-shell structures are often highly desired, their unintended formation
should be avoided. For example, the reduction potentials of Pd and Pt are 0.951 and
1.180 V vs. SHE, respectively.45 Therefore, Pt2+ ions will preferentially reduce before
Pd2+ ions, forming a segregated Pt(core)-Pd(shell) structure.
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(6) Metal nanoalloys with a metal component that readily oxidizes at ambient conditions may
also exhibit alloy segregation as oxidation occurs. In the case of PdZn nanoalloys, Zn
oxidizes very readily to ZnO and causes Pd-rich regions to form in the nanoalloy.46-49
These PdZn systems require either reduction of the nanoalloys immediately prior to a
catalytic reaction even after they are synthesized in harsh reducing conditions,48,49 or
PdZn is formed during the catalytic reaction from PdO and ZnO materials.46,47
Keeping these limitations in mind, it is beneficial to develop a new synthetic strategy which
circumvents the need to use harsh reducing conditions, organic reagents, metal salts, stabilizing
ligands, and keeps the nanoalloys metallic and in an atomically mixed structure regardless of the
metal reduction potentials.
1.5.2

Novel Synthetic Strategy

Previously, it has been discovered that monometallic nanoparticles could be formed by
directly dissolving pure bulk metal into molten lithium at relatively low temperatures (~ 200
o

C).50,51 After a homogenous solution has been prepared where the metal is completely dispersed

in molten lithium, the melt is quenched by rapidly cooling it to prevent metal particle
aggregation. The Li can be converted to LiOH through careful exposure to air creating a LiOH
powder in which metal nanoparticles are embedded. The metal nanoparticles can be supported on
any material that is base and water stable by combining the support material with LiOH and
leaching the LiOH off with copious water. If this method could be expanded to include
nanoalloys, that would represent a significant improvement in its applicability. In this
dissertation two achievements will be discussed in detail; first, it is shown that nanoalloys can be
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synthesized through this method directly from bulk alloys, as is exemplified by Pd3Ag. Next, it
was discovered that nanoalloys could be prepared directly from individual bulk metals as is
shown with the often difficult to prepare PdPt and PdZn nanoalloy systems, see Figure 1.3. This
lithium-assisted synthesis method has the following benefits over traditional reduction of metal
salts:
(1) This method negated the use of organic solvents, reducing agents, or stabilizing
ligands. This reduced the environmental impact of synthesis methods as well as the
need to activate the nanoparticles prior to a catalytic reaction.
(2) Lithium is found in the Earth’s crust as ore and brine, meaning it must be extensively
processed to form metallic Li. Hence, in the same way the LiOH leached off of the
supported nanoparticles may be recycled to prepare metallic Li through already well
established industrial processes.
(3) Since the nanoparticles are already formed when they are placed on the support
material, they do not enter dead volumes of the support and the support does not need
to be pretreated to anchor ions.
(4) Metal nanoparticles are prepared without the metal atoms being oxidized or reduced,
hence the metal nanoparticles do not need to me reduced prior to catalysis.
(5) No metal ions are used, so the issue with reduction potentials forming unintended
core-shell structures are not a concern.
(6) The Li medium is a constantly reducing environment, which will act to protect any
metal components that are readily oxidized.
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Nanoparticles prepared in this way are proven to be in an alloy state and their catalytic activity is
also tested in the hydrogenation of acrolein (for Pd3Ag system) and methanol oxidation (for the
PdPt system), which represents the direct methanol fuel cell anode catalytic reaction.
1.5.3

Cost Limitations of Precious-Metal Catalysts

Precious metal catalysts are well known to be highly active towards many critical
industrial reactions. For example, in proton exchange membrane fuel cells, the cathodic oxygen
reduction reaction (ORR) and the anodic hydrogen oxidation reaction are both catalyzed by Pt
nanoparticles. Platinum catalysts for fuel cell applications are currently the state-of-the-art
because platinum catalyzes oxygen directly to water via a four-electron pathway at a reasonable
potential, which reduces undesired side-reactions and production of harmful peroxides.52 Much
work has gone in to reducing the amount of Pt required to catalyze ORR, most of which involves
Pt nanoparticles embedded in a high surface area conductive carbon or alloying Pt with one or
more metals at the nanoscale.53-55
Although vast improvements in Pt utilization have been achieved, the loading needs to be
further reduced or precious metal usage needs to be eliminated for the cost of a fuel cell to
become commercially viable. Given production rates of 1,000 units per year, the catalyst ink and
application account for 11% of the overall cost of a fuel cell.56 If production is increased to
500,000 units per year, the catalyst ink and application then account for 34% of the fuel cell’s
overall cost,56 see Figure 1.4. One major concern as fuel cell technologies move forward is the
low Earth abundance of Pt. Not only does low Earth abundance make Pt expensive, it also
represents a limited supply which may be dwarfed by demand as consumers strive to purchase
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cleaner energy technologies. For example, if 1.5 billion fuel cell cars were to be produced using
current state of the art loadings of 0.4 mg cm-2 on the cathode and 0.05 mg cm-2 at the anode,
150,000 tons of Pt would be required.57 This is a grave problem because current estimates state
that there are about 28,000 tons of platinum in the Earth,57 leaving a 122,000 ton deficit.
Finding inexpensive alternatives to platinum or platinum-group metals (PGMs) has been the
ultimate goal of fuel cell research. Among all non-PGM catalysts studies thus far, transition
metal and nitrogen-doped carbon (TM-N-C) represent the most promising candidates.58-64
Generally, these materials are prepared from “support-free” catalyst precursors of metal organic
frameworks (MOFs) and porous organic polymers (POPs), which are porous materials comprised
of organic ligands coordinated to transition metal ions.58,60,63,65 These MOFs or POPs are
pyrolyzed at high temperatures to form high surface area support-free TM-N-C catalysts which
have demonstrated good activity towards ORR, approaching that of Pt benchmark catalysts.
1.5.4

Catalytic Activity of Unsupported Non-Precious Metal Catalysts

In the arena of oxygen reduction reaction electrocatalysts, unsupported non-precious metal
catalysts are an important class of materials. The use of unsupported non-PGM electrocatalysts
for ORR was first described using cobalt phthalocyanines in 1964 by Jasinski et. al.66 Future
work discovered that ORR could be catalyzed by a variety of M-N4 chelate complexes where M
is an Earth abundant (and therefore cheap) transition metal. It was then shown that heat treating
these M-N4 materials on a carbon support served to significantly enhance stability towards ORR
and often also increase the activity.67,68 Although the exact mechanism of ORR active site
formation through pyrolysis of M-N4 chelates is heavily system dependent, at temperatures
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above 500 oC, the M-N4 is destroyed and a new active site is formed. This new active site
consists of a metal atom coordinated to either two or four nitrogens embedded in the carbon
matrix (TM-N2+2/C or TM-N4/C).52 Due to the formation of a new metal – coordination active
site, it is not necessary to use a metal chelate as the starting material; any carbon source, metal
salt, and nitrogen additive can be combined and pyrolyzed to prepare M-N-C materials.69
A promising alternative to metal chelate compounds as ORR electrocatalyst starting materials is
the use of metal-organic frameworks (MOFs) as precursor templates, which was pioneered at
Argonne National Laboratory.58 MOFs are highly ordered, porous materials comprised of
transition metal ions coordinated to organic linkers, which lend themselves well to rational
design of precursor compounds.70,71 Since their initial application to prepare ORR active
materials, research into MOF derived catalysts has experienced tremendous growth.59,61-63,65,72-76
Unsupported non-PGM heterogeneous catalysts derived from MOFs are unique in that there is
no requirement that a support material be added, acting to dilute the active site density. MOF
materials typically serve as a microporous host, into which a metal salt is added, providing a high
surface area and uniform active site precursor.58,59,61-63,65,76 Eliminating the use of a support
material allows for active sites to be evenly distributed throughout the entire catalyst, yielding
high density of active sites which helps shift ORR activity towards that of supported PGM
electrocatalysts.
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1.6 Dissertation Overview
Chapter 2 describes in detail the characterization methods and/or techniques described
throughout the dissertation. The purpose of a chapter dedicated to characterization methods is to
reduce redundancy throughout the dissertation by explaining each technique and method in one
place. Chapter 2 is meant to enhance understanding of characterization results by explaining the
technique or method in detail.
Chapter 3 was published in ACS Inorganic in 2012 and is reproduced, in part, with
permission from the American Chemical Society. In this chapter the lithium-assisted nanoalloy
synthesis technique is introduced and Pd3Ag nanoalloys are prepared from bulk Pd3Ag alloy. The
Pd3Ag nanoalloys are synthesized, transferred onto support materials, and extensively
characterized using TEM, PXRD, EXAFS, and XANES. It was discovered that the Pd3Ag
nanoalloys had an average diameter of 2.3 nm and are of an alloy structure similar to that of the
parent bulk Pd3Ag alloy. Furthermore, it was found that the Pd3Ag nanoparticles are 10 times
more active towards the hydrogenation of acrolein than commercially available Pd nanoparticles.
Chapter 4 was submitted to Chem. Mater. in 2016. Significant enhancement to the
lithium-assisted synthesis technique is detailed as nanoalloys are synthesized from individual
bulk metals. As proof-of-concept, PdPt nanoalloys are prepared from Pd and Pt bulk metals.
PXRD, TEM, EXAFS, and XANES are used to verify alloy formation as well as nanoscale size.
The PdPt nanoparticles were found to be more active towards methanol electro-oxidation than Pt
monometallic nanoparticles. Methanol electro-oxidation is an important reaction for direct
methanol fuel cells, an alternative to fossil fuel combustion engines for transportation
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applications. Another alloy system, PdZn, was also studied due to the Zn component readily
oxidizing even when harsh reducing conditions are present. The PdZn system is nearly
impossible to prepare without the use of pre-treatment of in-situ activation before it can act as a
catalyst. Alloy formation and nanoscale size were confirmed from XRD, TEM, EXAFS, and
XANES.
Chapter 5 was published in Catalysts in 2015 and is reproduced here with permission
from the Multidisciplinary Digital Publishing Institute. In this chapter the catalytic activity of
zeolitic-imidazolate-framework (ZIF)-derived transition metal and nitrogen-doped carbon
(TM/Nx/C) materials is substantially improved over previous reports through optimization of
synthesis, heat treatment, and membrane electrode assembly (MEA) fabrication processes. The
oxygen reduction reaction activity is demonstrated as a proton exchange membrane fuel cell
catalyst using single fuel cell testing. Furthermore, BET surface area is used to investigate the
effects of synthesis and processing conditions. Single fuel cell testing reveals polarization curves,
power density plots and impedance measurements which all indicate that small changes to
processing conditions have a large impact on the catalyst activity at the fuel cell level.
Chapter 6 was submitted to Fuel Cells in 2015. In this chapter, the oxygen reduction
reaction activity of catalysts prepared from zeolitic imidazolate frameworks (ZIFs) with different
alkyl side chain substitutions is investigated. XRD indicated that substituting a methyl group
with a hydrogen on the imidazolate ligand used as an organic linker to prepare ZIF materials
induces structural as well as crystal stability changes. Effects of this structural change propagates
through the high temperate activation of the ZIF material as is evident by Raman spectroscopy,
scanning electron microscopy, BET surface area, and pore size distribution analysis from
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nitrogen adsorption isotherm measurements. Finally, the overall effect of these structural and
morphological changes was investigated through rotating ring-disk electrode and single fuel cell
measurements.
Chapter 7 devises a simple method of tailoring surface area and morphology for
controllable proton exchange membrane fuel cell activity. Metal-organic framework (MOF)
derived iron and nitrogen-doped carbon (Fe-N-C) catalysts are prepared by pyrolysis of ZIF-8
(MOF with Zn2+ coordinated to two methylimidazole ligands) which serves as a microporous
host into which an iron containing compound (tris(1,10-phenanthroline) iron (II) perchlorate)
was added through ball milling. After pyrolysis, the material is acid washed to leach out any
available metal particles and then neutralized and dried. The final step to activate these Fe-N-C
catalysts involved an additional pyrolysis in NH3 atmosphere. This final step can serve to
selectively tailor the surface area properties and morphology of Fe-N-C catalysts through surface
etching of NH3 at elevated temperatures. The time spent in NH3 environment was systematically
altered and resulting ORR activity was investigated at the fuel cell level. It was discovered that
increasing surface areas resulted in greater limiting currents in the fuel cell. At higher voltages
where fuel utilization efficiency is realistic, the area in mesopores imparted better 3D pore
connectivity within the catalyst material and therefore resulted in better activity. The results
reported here offer a simple and effective strategy for tailoring fuel cell activity by altering the
time spent in NH3 atmosphere at elevated temperatures.
Chapter 8 was submitted to the International Journal of Hydrogen Energy in 2016. In
this chapter, the penetration of the triple phase boundary (TPB) which exists between the
catalyst, oxidant fuel, and Nafion ionomer was systematically optimized and the resulting air fed
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fuel cell activity was explored. It was discovered that when the Nafion-to-catalyst ratio is
optimized, resulting in increased TPB penetration there is a significant enhancement in the
oxygen reduction reaction (ORR) activity. If the Nafion loading is insufficient, this results in
unconnected and therefore inaccessible active sites. These “dead volumes” do not contribute to
the fuel cell activity and decrease overall cell performance. Overloading Nafion also served to
degrade fuel cell performance because of pore-clogging and/or conductivity inefficiencies.
Furthermore, it was discovered that as the polarization curve is scanned consecutively, catalyst
wetting serves to improve the ORR activity. The mechanism of catalyst “break-in” during
polarization curves is proposed to involve liquid water formation at the edges of TPB
penetration. Water is an excellent conductor of protons and will serve to further connect the
electrocatalyst with the TPB network, resulting in increasing ORR activity.
Chapter 9 summarizes the results of the broader projects detailed in chapters 3 – 8. This
chapter also serves to offer future research directions and opportunities.

CHAPTER 2
CHARACTERIZATION TECHNIQUES
2.1 Electron Microscopy
Electron microscopes use accelerated electrons, which have wavelengths up to 100,000
times shorter than photons. The use of electrons enhances the resolving power of electron
microscopes over traditional optical microscopes and allows them to image immensely small
particles (into the nano – scale). Two major types of electron microscopes were used to
characterize the structure of nanomaterials within this dissertation, a scanning electron
microscope and a transmission electron microscope.
2.1.1 Scanning Electron Microscopy
Scanning electron microscopy (SEM) is very widely used to characterize nanomaterials.
Not only is the instrument fairly user friendly, it is able to image structures down to a few
nanometers with a wide range of magnification (10 – 300,000 X).2 SEMs are able to provide
imaging similar to that of an optical microscope and also provide surface elemental analysis.
Images are procured by focusing a high-energy (100 eV – 50 KeV) beam of electrons into a
small spot (around 5 nm) which is then rastered over the surface of a specimen. The electron
beam interacts with the surface of the material, causing emission of electrons from the sample.
Electrons are collected by a cathode ray tube within the SEM instrument and an image is
prepared.
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High-energy electrons from the beam interact with the material through either inelastic
scattering or elastic scattering.77 Inelastic scattering is when the incident electron (the so called
primary electron) undergoes an inelastic collision with a sample’s atomic electron and some of
the primary electron’s energy is transferred to the atomic electron.2 If the energy transfer is great
enough, the electron in the sample will be emitted and is called a secondary electron. If the
primary electron undergoes an elastic collision with the atomic nucleus, some of the electrons are
scattered back (i.e. backscattered) at energies up to that of the incident beam.2 Atoms with higher
Z are more likely to backscatter electrons. Although both secondary and backscattered electrons
produce an image, backscattering electrons can be used to make higher Z elements appear lighter
in an image, thus adding more depth to the topological information.
Furthermore, SEM can be used to gather energy dispersive X-ray (EDX) information
about the chemical speciation of a sample. When a primary electron undergoes an inelastic
collision with an atomic electron, resulting in that atomic electron being emitted, an electron
core-hole remains. The electron core-hole is highly unstable and an electron from an outer shell
will nearly instantaneously decay to fill the core-hole, emitting excess energy as an X-ray. EDX
spectroscopy can measure X-ray energy and determine the chemical composition.
2.1.2 Transmission Electron Microscopy
Transmission electron microscopy (TEM) also relies on high-energy (100 KeV – 1 MeV)
electrons to characterize a sample. The electrons in TEM are passed through a thin film of
material, which either interact elastically or inelastically.2 Inelastic scattering results in complex
electron absorbing and scattering from the sample which gives an image of the material. Elastic
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scattering which involves no energy loss results in a diffraction pattern which can be used to
identify the crystal structure and chemical components of a sample.
2.2 Powder X-Ray Diffraction
Powder X-ray diffraction (PXRD or XRD) is an important characterization technique for
solid samples. In XRD a collimated X-ray with a known wavelength between 0.7 – 2 Å is
directed onto a solid sample and diffracted by any crystalline phases within the sample according
to Braggs law in Equation 2.1:2
𝜆 = 2𝑑 sin(𝜃)

(2.1)

where d is the spacing between atomic planes in the crystalline phases, λ is the incident X-ray
wavelength, and θ is the diffraction angle. Resulting diffraction patterns can be used to discern a
samples crystalline phases and structural properties. XRD is non-destructive and data is retrieved
relatively quickly.
For nanomaterials being investigated by XRD, the mean crystal size can be estimated
using the Scherrer Equation 2.2:78
𝐷=

𝑘𝜆
𝐵 cos(𝜃𝐵 )

(2.2)

where D is the mean crystal size, k is the Sherrer’s constant of the order of unity for a usual
crystal, B is the full width at half-maximum of a peak, and θB is the diffraction angle of the peak.
The Scherrer equation is meant to be a estimation, as it assumed no inhomogenous strain within
the crystal.2 Nanoparticles typically form twinned structures, where two separate crystal
structures share some of the same lattice points, which will distort the Scherrer equation result.2
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One may not rely solely upon the Scherrer equation for crystallite diameter; it must be confirmed
through other methods.
2.3 X-Ray Absorption Spectroscopy
X-ray absorption spectroscopy (XAS) involved the bombardment of a sample with Xrays of a specific energy. When the X-rays interact with the sample, some are absorbed and
excite/eject a core electron, leaving a core-hole. This phenomena is called the photoelectric
effect and is represented in Figure 2.1.79 The XAS data is collected in one of two ways
depending upon the incident X-ray energy, either fluorescence or transmission mode.
Fluorescence mode quantifies the fluorescence emitted by electrons decaying into the core-hole,
as shown in Figure 2.2A.79 Transmission mode exploits the Auger effect, shown in Figure 2.2B.
Typically, fluorescence dominates for high energy X-rays (> 2 keV) whereas the Auger effect is
more likely when lower energy X-rays are used. Once the transmission or fluorescence is
measured at a given X-ray energy, the incident energy is increased linearly to yield a spectrum,
as shown in Figure 2.3. As seen in Figure 2.3, the spectrum is divided into two regions. The Xray absorption near edge structure (XANES) region shown near the absorption edge can be used
to gather information about the oxidation state and coordination structure of the element being
probed. Extended X-ray absorption fine structure (EXAFS) is used to obtain structural
information about the targeted atom.
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Figure 2.1: The photoelectric effect. This schematic shows an X-ray being absorbed by a core
atomic electron, which is then ejected from the atom in the form of a photo electron. This figure
is reporeduced with permission from Newville, 2004.79
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Figure 2.3: The X-ray absorption spectrum of a Pt example. The absorption edge is noted
with a sharp increase in the absorption coefficient, μ(E), from the X-ray having the same
energy as the Pt 2p electron, 11564 eV. Near the absorption edge is the XANES region
of the spectra. The EXAFS region begins about 30 eV after the absorption edge.
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2.3.1 X-Ray Absorption Near Edge Structure
Data obtained from XANES spectra can be compared to standards and quantified
to obtain detailed information regarding the oxidation state and coordination structure of
the atom probed. As the oxidation state changes, the position and peak height of the
absorption edge will change as well. XANES offers a simple method of determining the
metallic character of a material, and is frequently employed to detect change chemical
changes as a function of temperature or pressure in in-situ experiments.
2.3.2 Extended X-Ray Absorption Fine Structure
Extended X-ray absorption fine structure (EXAFS) results from the interference
of an ejected electron with the atoms and electrons around it. The wavelength of the
emitted photoelectron, λ, is a function of Planck’s constant, h, and the momentum of the
electron, p, as shown in Equation 2.3.80
𝜆=

ℎ
𝑝

(2.3)

If we assume that the interference can be modeled as a plane wave (the ejected
photoelectron) bouncing off of a soft boundary (a neighboring atom) we can define the
wavelength as shown in Equation 2.4.80
2𝐷 = 𝑛𝜆

(2.4)

where D is the distance from the absorbing atom to the scattering atom and n is an
integer. Since a plane wave is a sine wave, the interference should also go as a sine wave
and therefore the probability of absorption, χ, can by defined as Equation 2.5.80
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𝜒 ∝ 𝑐𝑜𝑠 (2𝜋

2𝐷
𝜆

)

(2.5)

The wavenumber, k, can be defined as shown in Equation 2.6.80
𝑘=

2𝜋

(2.6)

𝜆

Now, Equation 2.5 can be rewritten as Equation 2.7.80
𝜒 ∝ cos(2𝑘𝐷)

(2.7)

Even considering the simple model described above, it has now become clear how
EXAFS data can yield structural information. As the X-ray is scanned to different
energies, the photoelectron wavenumber is also changing as shown in Equation 2.6. The
spacing of oscillations in the resulting EXAFS spectra is a function of the distance
between neighboring atoms as shown in equation 2.7.
Thus far EXAFS has been described in a very simplistic way, which does not
represent a real sample and subsequent data. EXAFS is an average of the entire sample
and as such, many additional factors must be considered, making the EXAFS data and fit
exceedingly complicated. The EXAFS equation is shown in equation 2.8.80
2𝐷

𝜒(𝑘) =

𝑓𝑖 (𝑘) −𝜆(𝑘)𝑖 −2𝑘2 𝜎2
𝑖 sin(2𝑘𝐷
𝑆𝑜2 ∑𝑖 𝑁𝑖 𝑘𝐷
𝑒
𝑖
2 𝑒
𝑖

+ 𝛿𝑖 (𝑘))

(2.8)

Where 𝑆𝑜2 is the amplitude reduction factor, f(k) is the scattering amplitude, δ(k) is the
phase shift, λ(k) is the mean free path of the photoelectron, N is the number of
neighboring atoms, R is the distance between neighboring atoms, and σ2 is the degree of
disorder in the neighbor distance. If the scattering amplitude and phase shift are known,
the EXAFS equation can be used to determine N, R, and σ2.
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2.4 Small Angle X-Ray Scattering
Small-angle X-ray scattering (SAXS) relies upon elastic scattering of X-rays
recorded at very low angles (0.1 – 10 degrees). Data collected in this range contains
information about the size and shape of molecules or particles.2 In this dissertation,
SAXS was used to characterize the size of nanoparticles on a solid support. The radius of
a particle can be plotted as P(r)dr as shown in Equation 2:81
∞

𝐼(𝑄) = |∆𝜌|2 ∫0 |𝐹(𝑄, 𝑟)|2 𝑉 2 (𝑟)𝑁𝑃(𝑟)𝑑𝑟

(2.9)

where Δρ is contrast, F(Q, r) is the scattering form factor, V(r) is the particle volume, N is
the total number of scattering particles, and I(Q) is the measured scattering intensity.
Solving for P(r)dr will yield a particle size distribution from which the mean particle size
can be calculated.
2.5 Surface Area Analysis
A common method of determining the surface area of a solid sample is through
gas adsorption onto the surface of that sample. Gas adsorption has many benefits as a
surface area analysis technique:82
(1) The solid sample does not experience any structural changes as a result of the gas
adsorption.
(2) Gas may be adsorbed on the surface in quantities greater than a monolayer,
leading to pore filling and subsequent pore volume quantification.

40

(3) There is no site restriction for gas adsorption, allowing for accurate surface area
analysis.
(4) Gas adsorption is completely reversible and non-destructive.
Gas adsorption occurs as an adsorption and desorption isotherm from which a significant
amount of information about the surface area and porosity can be derived. One common
theory for quantifying surface area is the Brunauer, Emmet, and Teller (BET) theory
which is an extension of Langmuir theory in which a single monolayer exists. BET
theory assumes multi-layer adsorption on the surface of the solid sample and goes as
shown in Equation 2.1082
1
𝑃
𝑊[( 𝑜 )−1]
𝑃

=

1
𝑊𝑚

+
𝐶

𝐶−1
𝑊𝑚

𝑃

( )
𝐶 𝑃
𝑜

(2.10)

where W is the weight of gas adsorbed, Po is the saturated vapor pressure, P is the
pressure, and C is the BET constant. The BET equation 2.10 is plotted versus P/Po and
typically gives a straight line between 0.05 – 0.35 P/Po. From the BET plot, the slope, s,
and the intercept, i, are used to calculate the BET constant C defined in Equation 2.11.82
𝑠

𝐶 = 𝑖+1

(2.11)

The BET surface area can be calculated as shown in Equation 2.1282
𝑆𝑡 =

𝑊𝑚 𝑁𝐴
𝑀

(2.12)

where Wm is the weight of a monolayer, 𝑁 is Avogadro’s number, A is the cross sectional
area of the adsorbate molecule, and 𝑀 is the molecular weight if the adsorbate molecule.
The weight of the monolayer can be derived from a plot of P/W versus P in which Wm is
the (slope).1,82
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2.6 Raman Spectroscopy
Raman spectroscopy investigated the vibrational, rotational, and other lowfrequency modes in a sample.83 Monochromatic light (usually a laser) is shone on the
sample and inelastic scattering occurs between the incident photons and the periodic
arrangement of atoms of molecules in a solid, called phonons. Raman spectroscopy
provides information about the lengths, strengths, and arrangement of chemical bonding
in a sample.83 There are three main types of scattering observed in Raman spectroscopy,
as shown in Figure 2.4, Rayleigh scattering, Stokes Raman scattering, and Anti-Stokes
Raman scattering.2 The majority of incident photons are scattered back out of the sample
having the same energy and frequency as the incident photons, and this process is termed
Rayleigh scattering. Some light is scattered back with more or less energy than the
incident photons, resulting from interaction between the photon and the sample’s electric
dipole. If the scattered photons have less energy than the incident photons, it is called
Stokes scattering. If the scattered photons have more energy than the incident photons, it
is called Anti-Stokes scattering. The energy shifts in scattered photons provides
information about the rotational, vibrational, and other low frequency transitions in
molecules from which structural parameters can be derived.

Figure 2.4: Schematic of Raman spectroscopy transitions. The electronic transitions involved in Raman spectroscopy as shown on an
Figure 2.4: Schematic of Raman spectroscopy transitions. The electronic transitions involved in Raman spectroscopy as
energy level diagram. The thicknesses of the arrows are roughly proportional to the different transition’s signal strength.
shown on an energy level diagram. The thicknesses of the arrows are roughly proportional to the different transition’s
signal strength.
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Observed peaks in a Raman spectrum can be fitted and compared to known standards to
gather structural information about the sample. For example, in carbonaceous samples three
features are often prominent in a Raman spectrum, the D, G, and G’ bands. The D band results
from sp2 hybridized carbon and represents disorder in a graphene structure.84 The G band is also
common in all sp2 carbonaceous systems and arises from C – C bond stretching, representing
graphitic carbon.84 The G’ band (also called the 2D band) is a second – order two photon process
arising from interactions between layered graphene sheets.84
2.7 Electrochemical Measurements
Electrochemistry represents the interface between chemical systems and electrical effects.
Specifically, electrochemistry represents the electrical changes inherent in a chemical reaction.
Electrochemical methods allow for quantification of the thermodynamics and/or kinetics of a
reaction, which is also quite useful for characterizing the effect of a catalyst.
2.7.1 Cyclic Voltammetry
The Nernst equation, given as Equation 2.13 below, describes the equilibrium potential of
an electrode half reaction given as Equation 2.14.
𝑅𝑇

𝐶∗

𝐸 = 𝐸 𝑜′ + 𝑛𝐹 ln (𝐶𝑂∗ )

(2.13)

𝑂 + 𝑛𝑒 ↔ 𝑅

(2.14)

𝑅

Where 𝐶𝑜∗ and 𝐶𝑅∗ are the bulk concentrations and Eo’ is the formal potential.
Cyclic voltammetry (CV) is the study of an electrochemical system in which the potential
of a three-electrode cell (reference, working, and counter electrodes submerged in an electrolyte)
is studied by scanning the potential far above and below that of the predicted Nernst potential of
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components to be studied. CV is a very popular method to study chemical systems as it is user
friendly and can provide detailed information about even very complex systems.
A typical CV set up is shown in Figure 2.5. The reference electrode is either Ag/AgCl or
Hg/HgSO4. The reference electrode establishes an electrical potential against which the
measured potential can be compared. Working electrodes are where the chemical reaction to be
studied takes place and in this dissertation the working electrode is comprised of a very thin
catalyst layer deposited onto the glassy carbon electrode (GCE). The working electrode is at
times spun at 1600 rpm to give laminar flow. Laminar flow constantly refreshes the electrolyte
at the surface of the GCE, allowing for steady state measurements. The counter electrode is
either a gold wire or a platinum wire and allows current to pass through the three electrode cell.

2.7.2 Methanol Electro-Oxidation Reaction
Methanol electro-oxidation is a surrogate reaction for direct methanol fuel cells
(DMFCs). Direct methanol fuel cells are a promising candidate to replace internal combustion
engines for automotive applications due to the following advantages:30
(1) Methanol has high energy density
(2) Methanol is a liquid at room temperature and can be stored in a vehicle just like gasoline
(3) Methanol is relatively safe and non-toxic compared to gasoline and other organic fuels
(4) Methanol is cheap and easy to distribute
(5) Methanol can be produced from natural gas, coal, and fermentation of agricultural
biomass.
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Figure 2.5: Three-electrode cell set-up. The reference electrode is either Ag/AgCl or Hg/HgSO4,
the working electrode is either a glassy carbon electrode or a ring disk electrode comprising of a
GCE and a Pt ring, the counter electrode is gold wire. The electrolyte is typically 0.1 M HClO4
solution. The working electrode is at times rotated to give laminar flow for certain
electrochemical investigations.
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Despite all of these advantages, methanol electro-oxidation is sluggish and requires significant
improvements before widespread commercialization of DMFCs can take place.85
A DMFC consists of the following anodic (Equation 2.15), cathodic (Equation 2.16), and
overall (Equation 2.17) reactions occurring through a proton conducting electrolyte.
𝐶𝐻3 𝑂𝐻 + 𝐻2 𝑂 → 𝐶𝑂2 + 6 𝐻 + + 6 𝑒 −
3
2

𝑂2 + 6 𝐻 + + 6 𝑒 − → 3 𝐻2 𝑂
3

𝐶𝐻3 𝑂𝐻 + 2 𝑂2 → 𝐶𝑂2 + 2 𝐻2 𝑂

(2.15)
(2.16)
(2.17)

The methanol oxidation reaction (MOR) shown in Equation 2.15 is more sluggish than the
oxygen reduction reaction (ORR) shown in equation 2.16, leading many people to investigate
possible enhancements of MOR. The use of platinum based alloy catalyst for MOR has many
advantages over monometallic platinum such as:85
(1) The addition of a second element blocks the formation of Pt surface contaminants such as
CO.
(2) Alloying alters the electronic properties of the catalyst which also changes the properties
of adsorbing hydroxyl or oxygen species necessary for MOR.
(3) Potentially lower catalyst cost if the second element is more Earth abundant than
platinum.
In this dissertation, PdPt was investigated as a methanol electro-oxidation catalyst. PdPt was
chosen due to the satisfaction of all three advantages described above when Pd is alloyed with Pt.
The advantages of alloying were further enhanced as the nanoalloys prepared in this work are
extremely small, around 7 nm in diameter. Reducing the size of the alloy serves to further boost
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catalytic activity, the advantage of alloying and yielding superior MOR activity when compared
to monometallic Pt nanoparticles.
Methanol electro-oxidation was studied in a three electrode cell, such as the one
displayed in Figure 2.5. The electrolyte consisted of both HClO4 and CH3OH which was purged
with N2 prior to measurement. The reference electrode was Ag/AgCl and the counter electrode
was a Pt wire. The GCE was modified by depositing a thin layer of 50 wt% PdPt/C onto the
surface which was then covered with a thin layer of Nafion® ionomer solution which acts as a
proton conductor. The resulting MOR activity was compared to Pt/C to observe any
enhancements due to alloying.
2.7.3 Oxygen Reduction Reaction
The oxygen reduction reaction (ORR) is another critical reaction found in fuel cells.
Although DMFCs focus on optimizing MOR due to the even more sluggish reaction kinetics,
ORR is still heavily researched. In proton exchange membrane fuel cells (PEMFCs), hydrogen
and oxygen are used as the anodic and cathodic fuels, respectively. A schematic representation of
a PEMFC is shown in Figure 2.686 below and represented in the anodic (Equation 2.18), cathodic
(Equation 2.19) and overall (Equation 2.20) cell reactions.

1
2

𝐻2 → 2 𝐻 + + 2 𝑒 −

(2.18)

𝑂2 + 2 𝐻 + + 2 𝑒 − → 𝐻2 𝑂

(2.19)

1

𝐻2 + 2 𝑂2 → 𝐻2 𝑂

(2.20)
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Typically, a Nafion® proton-conducting membrane serves to separate the anode and cathode
which are supported on carbon paper gas diffusion layers. The electrons generated through the
hydrogen oxidation reaction are forced through an external pathway where they are used to
perform work, such as powering a vehicle. PEM fuel cells have many advantages over traditional
combustion engines such as:87
(1) Direct conversion of chemical energy into electricity, enhancing fuel utilization
efficiency
(2) Production of only water and heat in the exhaust
(3) No moving parts, which reduces maintenance costs
(4) High power densities achievable
Although there are many benefits of using a PEMFC, there are still major hurdles to overcome
before widespread commercialization can be realized. One issue is cost: platinum is currently
favored for use on both the anode and cathode of PEMFCs.87 Another issue is the contamination
of Pt when air is used as the cathodic oxidant fuel.87 Due to the sluggish reaction kinetics of
ORR compared to HOR, more Pt must be used on the cathode. Research into non-platinum
group metal (PGM) catalysts is a growing field, although activity and durability like that of Pt
has yet to be realized.
2.7.4 Linear Sweep Voltammetry
When a new catalyst for ORR is developed, one of the first electrochemical
characterization techniques employed to test the ORR activity is linear sweep voltammetry
(LSV). LSV is carried out in a three electrode cell like the one shown in Figure 2.5 and described
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in Section 2.7.1. An example LSV for ORR is shown in Figure 2.7. The ORR activity is
determined by first recording the background current density of Ar purged 0.1 M HClO4 from
0.0 to 1.0 V vs. RHE at 10 mV s-1. After the electrolyte is purged with O2, the cathodic LSV
(CLSV) measurement was taken under the same test conditions. Oxygen reduction polarization
currents were corrected by subtracting the background (Ar purged electrolyte) from the CLSV
(O2 purged electrolyte).
From the current density curves like that shown in Figure 2.7, the number of electrons
transferred and the % H2O2 production can be calculated from Equations 2.21 and 2.22,
respectively.88
𝑛=

4𝐼𝐷
𝐼
𝐼 𝐷 + 𝑟⁄𝑁

𝐻2 𝑂2 (%) = 200 𝑥

(2.21)
𝐼𝑟⁄
𝑁
𝐼
𝐼𝐷 + 𝑟⁄𝑁

(2.22)

Where ID is the diffusion limited current, Ir is the ring current, and N is the ring collection
efficiency, 37 %. Figure 2.8 shows a typical electrons transferred plot.
2.7.5 Single Fuel Cell Test
New ORR catalyst developed to replace Pt materials must ultimately be demonstrated at
the fuel cell level. Membrane electrode assemblies (MEAs) are prepared as shown in Figure 2.6.
Anodes and cathodes are prepared by directly painting catalyst inks onto carbon paper (gas
diffusion layer) and drying. The anode and cathode are then hot pressed onto either side of a
Nafion® membrane to prepare the MEA. The MEA is then placed into a single fuel cell and
tested by controlling the voltage from open circuit voltage (OCV) down to 0.2 V collecting 25
data points per decade at 10 seconds per point. Current density and power density are measured
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Figure 2.6: A schematic representation of a PEMFC. At the anode (red) hydrogen is oxidized, the
protons travel through a proton exchange membrane (Nafion) and reach the cathode (blue) where
they combine with an electron and O2 to yield water and heat. Figure reproduced with permission
from Garrain et. al., 2011.86
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Figure 2.7: Example linear sweep voltammogram. Linear sweep voltammogram for oxygen
reduction reaction in O2 saturated 0.1 M HClO4 electrolyte. The scan went from 0.0 to 1.0 V vs.
RHE at a rotation of 1600 rpm. The onset potential, Eonset, represents where ORR begins to occur
at the surface of the catalyst modified working electrode. The half-wave potential, E1/2, is used to
quantify the ORR activity and compare to other reported values. The limiting current density, ID,
represents the maximum current density.
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Figure 2.8: Example of electrons transferred as a function of potential. It can be seen that the
electrons transferred varies as a function of potential. It is important that the electron transfer
number be close to 4 as this is the most efficient and least destructive ORR pathway. The
reaction potentials for the 4 electron and 2 electron pathways are given as well.
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directly from the fuel cell test stand. An example polarization curve is given in figure 2.9. The
theoretical no-loss voltage is 1.184 at 80 oC and any deviation from that voltage is called the
overpotential.87 In the high potential region, the polarization curve shows rapid decay; this is due
to the kinetics of the ORR catalyst and most of the ORR activity performance details are
collected from this region.87 Since the high potential area of the polarization curve is so
important for ORR activity assessment, a Tafel plot can be used to better visualize the data in
this region, as shown in Figure 2.10. From the Tafel plot, one can determine much more easily
the OCV and current density at 0.8 ViR-free, which represents 65 % fuel utilization efficiency.
After the kinetically controlled region, the polarization curve (Figure 2.9) becomes linear. The
linear region of the polarization curve represents the ohmic losses of the cell.87 When the linear
portion of the polarization curve begins to drop off once again at lower potentials, this is due to
mass transport losses within the electrode.87 The results of performing an impedance correction
to the polarization curve is shown in Figure 2.11 and a power density curve is given in Figure
2.12.

54

Figure 2.9: Polarization curve of a model Pt/C cathode. Key areas of the polarization curve are
labeled and described.
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Figure 2.10: A Tafel plot derived from the polarization curve. Typically, the potential region
between OCV at 0.6 V is investigated to determine key ORR activity details. The current density
at 0.8 ViR-free is commonly chosen to report ORR activity because it represents a useful voltage
for automotive applications as well as a 65 % fuel utilization efficiency. Fuel utilization
efficiency is calculated by dividing the cell voltage by the theoretical “no-loss” voltage of about
1.2 V.
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Figure 2.11: Impedance correction example. The impact of performing a cell impedance
correction on the polarization curve. Cell impedance is measured by the fuel cell test stand via
current interrupt methods.
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Figure 2.12: Fuel cell power density curve. The power density is often reported at either
maximum power density, which has low fuel utilization efficiency, or at 0.6 V representing 50 %
fuel utilization efficiency. Fuel utilization efficiency is calculated by dividing the cell potential
by the theoretical “no-loss” potential of about 1.2 V.

CHAPTER 3
DIRECT SYNTHESIS OF BIMETALLIC Pd3Ag NANOALLOYS FROM BULK Pd3Ag
ALLOY
3.1 Introduction

Enhanced heterogeneous catalytic activity is often achieved by alloying two or more
metals together.89-106 Often, the improvement in catalytic activity is in terms of selectivity and
stability of precious metal alloys compared to monometallic particles. Increased catalytic activity
observed in metal alloys may be due to the ligand and/or ensemble effect, which is exhibited
when two or more metals are alloyed together and is caused by electronic or geometric
modifications, respectively.107 In the case of Pd-Au alloys, isolated Pd atoms in gold that adopt
typical Pd-Pd bond distance can inhibit the formation of undesired products in acetoxylation of
ethylene to vinyl acetate.101 Furthermore, in Pd-Ag catalysts, the addition of Ag increases
selectivity, stability, and durability in the partial hydrogenation of acetylene to ethylene and
suppresses the further hydrogenation of ethylene to ethane.108-110 Careful control of atomic ratios
and degree of mixing in metal alloy systems are crucial to achieve the desired catalytic activity.
Current synthesis techniques for preparing supported nanoalloys use a bottom-up
approach where the precursor ions are used as building blocks to construct the desired alloy
nanoparticles.99,100,105,111-115 This bottom-up approach has proven successful for controlling both
particle size and shape by varying the concentration and components of metal ion sources as well

This chapter was previously published as Lin, C. K.; Lin, Y. G., Wu, T.; Barkholtz,
H. M.; Lin, Q.; Wei, H.; Brewe, D. L.; Miller, J. T.; Liu, D. J.; Ren, Y.; Ito, Y.; Xu, T. Inorg.
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as the surfactants, reducing agents, and other reaction conditions.116-118 However, the bottom-up
method has some shortcomings. First, if there exists a large difference in the reduction potentials
of metal ions to be alloyed, unintended core-shell formation may occur. In the case of Pd-Ag
alloy systems, the standard reduction potential (vs. SHE) of Pd2+/Pd is 0.82 V which is greater
than Ag2+/Ag (0.79 V) in aqueous solution. This causes the Pd ions to reduce preferentially to Ag
ions, thus forming a core(Pd) - shell(Ag) like structure instead of the desired atomically
intermixed alloy.99,119 This phenomenon becomes even more pronounced when the reduction
potentials differ more dramatically.120 Tactics employed to alloy core-shell structures involve
annealing at high temperatures as well as selection of alternate precursors and reducing
agents.121,122 The use of high temperatures can cause particle agglomeration and sintering of
support materials.123,124 Formation of many bulk precious metal alloy systems is only possible by
heating the components to very high temperatures. Bulk Pd-Ag alloys are formed at temperatures
above 1000 oC according to the phase diagram displayed in Figure 3.1.125 Additionally, the
bottom-up approach often requires the synthesis of precursors,100 stabilizing agents,115,126,127 and
steps to remove the stabilizing ligands to activate the nanoalloys.32 Moreover, for direct
dispersion of nanoalloys on a support material, the ionic charges of both constituents have to be
carefully matched,123,128-130 further complicating catalyst synthesis at both the laboratory and
industrial scale.100
Barriers to traditional bottom-up precious metal nanoalloy synthetic methods call for an
alternative synthetic approach for producing high-quality nanoalloys with atomically intermixed
alloy structure. In this work, we report a transformative method for producing nanoalloys
directly from their corresponding bulk metal alloys without the need for precursory compounds.
[Type text]
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As proof-of-concept, Pd3Ag was chosen to demonstrate that nanoalloy Pd3Ag particles can be
prepared by dispersing the bulk alloy in molten lithium. Liquid Li is highly corrosive to many
metals. There has been significant research dedicated to the search for materials resistant to
liquid Li corrosion for use in nuclear reactors.131,132 The approach described herein intends to
exploit the corrosive properties of molten Li to facilitate precious metal alloy synthesis.
According to the phase diagrams of Pd – Li and Ag – Li given in Figure 3.2, both Pd and
Ag are soluble in molten lithium at temperatures below that of the melting point of lithium.133,134
Thus, we postulate that Pd3Ag nanoalloys can be dissolved and dispersed in molten lithium to
form ultrafine particles which may be recovered in the form of nanoparticles as illustrated
schematically in Figure 3.3. It is possible that the nanoparticle prepared via lithium melt would
maintain the original atomic composition and alloy structure of bulk Pd3Ag. Once dispersed in
molten Li, the melt could be rapidly quenched and cooled to room temperature. Li is very easily
converted to LiOH, which acts as a support material into which Pd3Ag nanoparticles are
imbedded. Nanoalloys can then be transferred to any water and base stable support material by
mixing the Pd3Ag/LiOH powder with the support and leaching off LiOH with copious amounts
of water.
The top-down method of dispersing bulk metal alloys directly into molten lithium is a
purely inorganic process with many possible benefits: (1) The method is environmentally benign
and cost-competitive due to the lack of expensive and/or toxic organic solvents or ligands and
there is a lack of residue, such as chloride, which is a known catalyst poison.135,136 (2) There is
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Figure 3.1: Phase diagram of the Ag – Pd system (Taken from reference 38).
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Figure 3.2: Phase diagrams of Ag-Li and Pd-Li. (a) the phase diagram of Ag-Li (taken from
reference 47) and (b) the phase diagram of Pd-Li (taken from reference 48).

Figure 3.3. Schematic representation of the synthesis of Pd3Ag nanoparticles via molten Li.

63

64

no requirement to electrochemically reduce metal ions, which circumvents the issues associated
with metal ions of differing reduction potentials. (3) Leaching conditions are mild and the
support material requires no pretreatment, allowing for a wide variety of support materials to be
used. (4) Li can be recycled from LiOH/LiO2, which is the starting material of industrial Li metal
production. (5) Nanoalloys prepared from this method are already in the metallic state and
require no further activation or treatment before use. Nanoalloys prepared in this way may
display enhanced catalytic activity, which is investigated within by the use of Pd3Ag nanoalloys
for hydrogenation of acrolein to propanal.
3.2 Materials and Methods

3.2.1 Sample Preparation

Synthesis of the Pd3Ag/Li solid melt was carried out in an argon filled glovebox (oxygen
level < 0.3 ppm), similar to lithium-assisted synthesis of monometallic Pd and Pt
nanoparticles.51,137 Lithium metal (0.5 g, 99.9% Alfa-Aesar) was placed in a nickel crucible and
heated to 250 oC. Once the lithium was molten, Pd3Ag foil (0.2 g, 99.99%, Alfa-Aesar) was
added to the melt. The Pd3Ag/Li melt was maintained at 250 oC for four hours. The surface of
the lithium melt maintained a mirror-like appearance throughout the heating process. To ensure
uniformity, a Sonozap titanium tip homogenizer was used to disperse the particles within the
lithium melt for 30 minutes. Immediately after homogenization, the solution was quenched by
quickly pouring the Pd3Ag/Li onto a 316 stainless steel plate and cooling to room temperature.
The Pd3Ag/Li solid solution was transferred out of the glove box and cut into small pieces to
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give the greatest surface area to react with humidified air to form LiOH. The resulting gray
granules were ground with an agate mortar and pestle.
To prepare 15 wt% Pd3Ag on carbon and 10 wt% Pd3Ag on Al2O3, approximately 1g on
the Pd3Ag/LiOH was ground into either 0.2443 g carbon black (XC-72R) or with 0.3879 g
Al2O3. The mixtures were leached with copious amounts of water to remove the water soluble
LiOH. Once the leaching liquid was neutral, the samples were dried in a vacuum oven at 100 oC
overnight.
3.2.2 Characterization

Transmission electron microscopy (TEM) samples were prepared by first dispersing 2 mg
of Pd3Ag/LiOH sample into 2 mL of 50% aqueous ethanol solution to release the nanoparticles
from the LiOH matrix. A carbon coated Cu TEM grid was then used to collect the nanoparticles
by dipping the grid in solution. The grid was washed with water and ethanol to remove any
residual LiOH then dried in ambient conditions overnight. Bright field TEM studies were
performed on a JOEL 2010 high-resolution transmission electron microscope with a thermionic
emission gun set to 200 kV. Particle sizes were determined from a survey of 100 particles.
Powder X-ray diffraction (PXRD) measurements were carried out on a PANalytical
X’pert PRO X’celerator diffractometer with Cu Kα radiation (λ = 1.5406 Å). PXRD samples
were prepared by placing the sample on a glass slide and covering it with Kapton tape. Data was
collected from 20o – 90o 2θ. The broad amorphous peak around 20o is from the Kapton tape.
High-resolution PXRD studies were performed at Sector 11BM, Advanced Photon Source (APS)
at Argonne National Laboratory.
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The X-ray absorption spectroscopy (XAS) was performed at APS in ANL, sector 10BM
(Pd3Ag/C) and sector 20 (PD3Ag/LiOH). Both samples were pressed into pellets with a thickness
of 0.45 mm and diameter of 6.6 mm prior to measurement. Pd and Ag K-edge (24.350 and
25.514 keV, respectively) X-ray absorption measurements were carried out on the bending
magnet beam line of the Materials Research Collaborative Access Team (MRCAT, sector 10ID).
Ionization chambers were optimized for the maximum current with linear response (ca. 1010
photons detected per second) using Ar (10% adsorption) in the incident X-ray detector and
transmission X-ray detectors. A third detector in the series simultaneously collected a Pd or Ag
foil reference spectrum with each measurement for energy calibration. The X-ray beam was 1.5 x
0.7 mm2, and the data were collected in transmission mode. The spectra were obtained in step
scan mode in about 15 minutes. The catalysts were reduced, when indicated, in a continuousflow reactor, which was composed of a quartz tube (1 in. OD, 10 in length) sealed with Kapton
windows by 2 ultratorr fittings. A ball valve, welded to each untratorr fitting, served as either gas
inlet or outlet. Six catalysts were pressed into a cylindrical sample holder consisting of six
sample wells. The catalyst thickness would give an absorbance (μx) of approximately 1.5 and an
edge step (Δμx) of approximately 0.5. Reduction conditions comprised of 4% H2/He flowing at a
rate on 100 mL/min at 250 oC (measured via an internal thermocouple at the position of the
samples), then a purge with dry He (purified with a Matheson PUR-Gas Triple Purifier
Cartridge) at 250 oC and cooling to room temperature. Phase shift and backscattering amplitudes
were obtained from the Pd (N = 12, R = 2.75 Å) and Ag (N = 12, R – 2.89 Å) foils for Pd – Pd
and Ag – Ag scattering. Standard procedures based on WINXAS 3.1 software were used to fit
the XAS data. The extended X-ray absorption fine structure (EXAFS) coordination parameters
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were obtained by a least-squares fit in r-space of the k2-weighted Fourier transform data. The
qualities of the fits were equivalent to both k1 and k3 weighting.
3.2.3 Hydrogenation Reaction

Hydrogenation reaction of gaseous acrolein measurements were performed in a ½ inch
OD stainless steel fixed bed continuous gas flow reactor at atmospheric pressure. Mass flow
controllers were used to control gas flow rate. Acrolein (Gluka, ≥ 95 %) was delivered by a
liquid pump (VICI M6), evaporated, and carried into the system by reaction feed gas (hydrogen
balanced with argon). The molar ratio of H2 to acrolein was held constant at 20:1 unless
otherwise noted. Each test used 10 mg of acrolein. Catalyst samples were first reduced in 20 %
H2/Ar at 200 oC for one hour. The reaction temperature and total pressure were 200 oC and 0.1
MPa, respectively. The reaction mixture had a concentration of 3.5 % acrolein and a flow rate of
40 sccm. The reactor effluent was analyzed by online gas chromatography (Agilent 6890)
equipped with a dual column formed by an Rt-Msieve 5A and a Rt-QPLOT (Restek) for lighter
gaseous species and an EC-Wax (Alltech) for less volatile species such as alcohols. Gaseous H2
and other organic/flammable compounds were detected using a thermal conductive detector
(TCD) and a flame ionization detector (FID), respectively. Condensed products were collected in
a trap at the end of the stream. The main product was propanal in this hydrogenation reaction
study. The entire system described above was constructed using stainless steel parts and was heat
traced to avoid condensation of any products. The Pd and Pd3Ag were used with the same
loading and particle size. The results are normalized by metal content. For an accurate
comparison with commercially available supported Pd catalyst, the exact same H2-reduction
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pretreatment procedure was used on the catalysts prior to the catalytic reaction. Additionally, the
support effect between SiO2 and Al2O3 in this reaction is minor and no significant difference was
observed.
3.3 Results and Discussion

Figure 3.4 shows the TEM images of Pd3Ag nanoalloys supported in an amorphous carbon
supporting film. The Pd3Ag nanoparticles were leached out of the supporting LiOH matrix with
water, as described in the materials and methods section above. Particle size distribution of the
Pd3Ag nanoparticles in Figure 3.4a is represented by the histogram in Figure 3.4b with a mean
average diameter found to be 2.3 ± 0.4 nm. The contrast variation seen in Figure 3.4a of these
nanoparticles is attributed not only to thickness but also diffraction contrast due to the crystalline
nature of the particles. A higher magnification micrograph of a few particles, Figure 3.4c, reveals
a lattice fringe of 1.96 ± 0.03 Å, i.e., a = 3.92 ± 0.06 Å. It is possible that this lattice fringe may
correspond to a (200) reflection of the Pd3Ag alloy because the value is between that of Pd (200)
at 1.945 Å and Ag (200) at 2.045 Å. The TEM images are in good agreement with the results
obtained from XRD and EXAFS analysis described in the following sections. The diffraction
contrast of the micrographs indicates that some particles formed are single crystalline while
others are polycrystalline.
XRD analysis of the carbon supported Pd3Ag nanoparticles compared to bulk Pd3Ag
macropowder, pure Pd, and carbon support are given in Figure 3.5. Additionally, Figure 3.6
shows the XRD of the Pd3Ag foil used to prepare Pd3Ag nanoparticles. The XRD of Pd3Ag foil
is not a proper comparison in terms of relative peak height because the commercial Pd3Ag foil
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was rolled with preferred orientations. This gives a different XRD pattern than that of the Pd3Ag
powder with randomly oriented nanoparticles. To solve this problem, a piece of Pd3Ag foil was
hand-filed into a powder, which had randomly oriented macroparticles. In Figure 3.5, the Pd3Ag
macropowder was used in comparison to Pd3Ag nanoparticles. Two very sharp peaks at 2θ =
43.9 and 75.3 in the XRD pattern for the Pd3Ag macropowder are artifacts resulting from
diamond grit detached off of the hand-file during filing. In comparison of the bulk Pd3Ag alloy
macropowder, the Pd3Ag nanoparticles exhibit nearly identical XRD peak positions and relative
intensities, confirming that the nanoparticles prepared via the Li melt method retain the texture
of the bulk alloy. Therefore, it was determined that the Pd3Ag nanoparticles prepared herein to
be atomically intermixed alloy crystallites. Also, the peak positions of both the bulk and
nanoparticulate Pd3Ag are notably shifted to lower 2θ values with respect to pure Pd. Both Pd
and Ag have a face centered cubic (FCC) lattice structure; they could form a continuous series of
solid solutions.138 Due to the radius of Ag (144 pm) being larger than that of Pd (137.6 pm),139
the addition of Ag atoms into the Pd lattice will cause a lattice expansion and, therefore, lower 2θ
peak positons in the XRD. The measured lattice constant is a = 3.935 Å for both Pd3Ag
nanoparticles and bulk alloy, which is in good agremment with the reported value of 3.934 Å for
the bulk and larger than that of pure Pd at 3.886 Å.140
Furthermore, the diffraction pattern of pure Ag or Pd was not observed in the Pd3Ag
nanoparticle XRD pattern. The results indicate that there is no detectable pure Ag or pure Pd
phases in the resulting Pd3Ag nanoparticles. It is also noticeable that the Pd3Ag nanoparticles
have broader diffraction peaks, from which the average grain size can be estimated using the
Scherrer equation,141 τ = K λ / (β cos θ), where K is the shape factor, λ is the X-ray wavelength
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(1.54 Å), β is the peak broadening at full width half maximum in radians, and θ is the Bragg
angle.; τ is the mean size of the ordered (crystalline) domains. By averaging the calculated sizes
from all five diffraction peaks, the estimated grain size of the as-synthesized Pd3Ag nanoparticles
is about 5.0 ± 1.4 nm, close to that of TEM results.
High-resolution XRD (< 2 x 10-4 ΔQ/Q) was also conducted at 11-BM of the advanced
photon source (APS), as is shown in Figure 3.7, to verify if there is a segregated Ad or Pd phase
in the Pd3Ag nanoparticles. The small difference in the diffraction peak position is only
distinguishable by high-resolution powder XRD. No split of asymmetrical shape of peaks were
observed in Pd3Ag nanoparticles supported on amorphous carbon, indicating no phase
segregation in the Pd3Ag nanoparticles. For comparison, XRD of Pd3Ag embedded in LiOH is
also shown, in which the sharp peaks are due to LiOH, Li2O, and Li3N which can be readily
leached off by water.
To verify whether the particles are truly atomically intermixed, EXAFS studies were also
conducted in the Pd3Ag nanoparticles embedded in LiOH to investigate the local atomic
structure of Pd and Ag. Pd and Ag are next to each other on the periodic table, which makes it
very difficult to distinguish them from each other in the EXAFS on the basis of backscattering
properties. However, Ag metal and Pd3Ag have easily distinguishable bond distances. Figure
3.8a shows the Fourier transformed (FT) Ag K-edge spectrum of the Pd3Ag nanoparticles
embedded in the LiOH matrix as well as that of bulk Pd3Ag foil. Figure 3.8b shows a similar
comparison of Pd3Ag nanoparticles in the LiOH matrix with bulk Ag. It is clear that the peak and
phase positions in the FT EXAFS spectra are nearly identical between Pd3Ag nanoparticles and
the bulk, while the differences in peak magnitudes can be attributed to decreased coordination
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Figure 3.4: TEM results. (a) Transmission electron micrograph (bar = 20 nm) of Pd3Ag
nanoparticles on an amorphous carbon supporting film. (b) Particle size histogram of 117
particles surveyed. Mean averaged particle size is 2.3 ± 0.4 nm. (c) TEM micrograph of Pd3Ag
particles in (a) at a higher magnification (bar – 5 nm). Some of the particle show lattice fringes
of 1.96 ± 0.03 Å corresponding to the (200) reflection. Inset is a FFT of the area defined by the
dashed square in (c), indicating that the fringes appearing on all of the particles have the same
lattice spacing by different orientations. The microscope magnification was calibrated with the
(200) reflection of a Au standard.
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Figure 3.5: Powder XRD results. XRD patterns of Pd3Ag nanoparticles on carbon black (blue
line). The Pd3Ag macropowders (green line) were filed from commercial Pd3Ag foil. Dotted
lines were added to aid in seeing the relative peak positions of different samples. Note that the
two tiny sharp peaks in the Pd3Ag macropowder are from residual material of the hand-file.
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Figure 3.6: XRD pattern of Pd3Ag foil purchased from Alfa-Aesar. The Pd3Ag foil was
mechanically rolled to give preferred orientations, altering the relative peak intensities. To
circumvent this issue when comparing to Pd3Ag nanoparticles with random orientation, the
Pd3Ag foil was hand filed to give randomly oriented Pd3Ag macro-powder.
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Figure 3.7: High-resolution powder XRD pattern. High-resolution X-ray diffraction of Pd3Ag
nanoparticles on an amorphous carbon support (black line) compared to Pd3Ag nanoparticles in
the LiOH matrix (red line). The sharp peaks are from LiOH, Li2O, and Li3N.
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and increased disorder in the nanoparticles. Furthermore, the FT EXAFS spectrum of the Pd3Ag
nanoparticles show distinct differences from the bulk Ag in both peak and phase positions. The
peak position of the first shell in the nanoparticles has a smaller value of R, suggesting that the
nearest neighbors to the silver atoms in the nanoparticles are closer than in the bulk Ag. In other
words, they appear to be in an intermixed alloy similar to Pd3Ag. Quantitative analysis of the
data confirms the visual comparison of the spectra. Key results from EXAFS analysis of Pd3Ag
nanoparticles in LiOH, bulk Pd3Ag, pure bulk Pd, and pure bulk Ag are summarized in Table
3.1.
As seen in Table 3.1, the reduced effective coordination number of Ag is 9.1 ± 0.5 in
Pd3Ag nanoparticles, compared to that in bulk Pd3Ag of 11.6 ± 0.4 reflects the formation of
nanoparticles. There are also differences in the disorder, with the nanoparticles exhibiting
increased disorder compared to bulk Pd3Ag. Additionally, the average nearest-neighbor (NN)
bond distance around Ag (R = 2.788 Å) in Pd3Ag nanoparticles is very close to that in the bulk
Pd3Ag alloy (R = 2.783 Å), but significantly shorter than that in bulk Ag (R = 2.869 Å). This
result further confirms that the Pd3Ag nanoparticles prepared herein possess similar structural
properties to the bulk Pd3Ag alloy. However, the NN bond distances of the PD atoms (R = 2.741
Å) in Pd3Ag nanoparticles are slightly shorter than that of bulk Pd3Ag (R = 2.765 Å). This could
be due to a preferential enrichment of Pd atoms and/or the vacancy of Ag atoms on the surface of
nanoparticles. This trend agrees with the more reduced effective coordination number around the
Pd site (8.3 ± 0.4) than that around the Ag site (9.1 ± 0.5) found in the Pd3Ag nanoparticles. It is
assumed that this may be ascribed to the more reduced bond length between surface Pd atoms
than that between Ag atoms.142,143

76

Figure 3.8: EXAFS spectra of Pd3Ag at the Ag K-edge. Fourier transformed EXAFS spectra of
Pd3Ag nanoparticles embedded in LiOH at K-edges of Ag compared to (a) bulk Pd3Ag foil and
(b) bulk Ag foil.

Table 3.1: Summary of EXAFS studies on Pd3Ag Nanoparticles (NPs) in LiOH, bulk Pd3Ag, bulk Pd, and bulk Ag. Note that for
FCC, there are 12 nearest neighbors around the selected atom. N is the coordination number; R represents the distance to the
nearest neighbor; σ is the Debye-Waller factor. The results in the table are based on a model in which each atom is surrounded
by three Ag atoms and nine Pd atoms.
Sample

Edge

N

N/12

ΔR (Å)
vs. model

at NN

σ2 (Å2)

R factor

Pd3Ag (bulk)

Pd

11.6 ± 0.5

0.97 ± 0.04

0.014 ± 0.002

2.765 ± 0.002

7.0 ± 0.2

0.0031

Pd3Ag (bulk)

Ag

11.6 ± 0.4

0.97 ± 0.03

0.032 ± 0.002

2.783 ± 0.002

6.6 ± 0.2

0.0022

Pd (bulk)

Pd

12

1

-0.009 ± 0.002

2.742 ± 0.002

6.1 ± 0.2

0.0048

Ag (bulk)

Ag

12

1

-0.023 ± 0.001

2.869 ± 0.001

9.9 ± 0.2

0.0011

Pd3Ag NPs

Pd

8.3 ± 0.4

0.70 ± 0.03

-0.010 ± 0.002

2.741 ± 0.002

7.4 ± 0.2

0.0024

Pd3Ag NPs

Ag

9.1 ± 0.5

0.76 ± 0.04

0.037 ± 0.002

2.788 ± 0.002

8.9 ± 0.3

0.0034
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The slight enrichment of Pd atoms at the nanoparticle surface is somewhat at variance
with common expectations, where Ag has a lower surface energy144 and a larger atomic size,
both factors favoring Ag surface enrichment. Considering that the nanoparticles are not isolated
during synthesis but instead are surrounded by liquid Li, it is reasonable to assume that liquid Li
plays a role in guiding the atomic arrangement at the nanoparticle surface. Since the Gibbs free
energy of liquid Li-Pd alloy145 is more negative than that of liquid Li-Ag alloy at the examined
temperature,133 the enrichment of Pd atoms on the surface of the nanoparticles prepared at 250 oC
is expected.
To estimate the statistical mean particle size of the Pd3Ag nanoparticles from EXAFS
spectra, a method described by Calvin et al.146 was employed in which it is assumed that the
coordination numbers of spherical nanoparticles are reduced by a factor of 1 – 0.75 (r/R) +
0.0625 (r/R)3 relative to a bulk crystal, where R is the radius of the particle and r is the average
bond length.95 Using the nearest-neighbor bond distance and reduction in coordination number
obtained from the EXAFS analysis at the Ag K-edge, the estimated diameter of the Pd3Ag
nanoparticles in LiOH is 2.0 ± 0.3 nm, in agreement with the TEM measurements.
Furthermore, it is necessary to confirm that the nanoparticles retain alloy structure when
they are transferred from LiOH to support materials. Figure 3.9a and b shows the Fourier
transformed EXAFS spectra of Pd3Ag nanoparticles on carbon black (Pd3Ag/C) at the Pd and Ag
K-edges, respectively. It is clear that the differences between the nanoparticles and bulk Ag
persist after transfer to carbon black, confirming that the alloy structure remains intact.
Differences in the EXAFS of Pd3Ag and Pd are not so clear-cut at the Pd K-edge
compared to that in the Ag K-edge because Pd represents the major constituent and dominated
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the local structure of the alloy. However, Pd XANES shown in Figure 3.10 demonstrated small
but important changes in the shape of the absorption edge indicative of alloy formation. The edge
energy is shifted to lower energy by 1.1 eV (24.3500 keV vs. 24.3489 keV for Pd foil and
Pd3Ag/C, respectively) and the intensity of the adsorption edge is slightly lower for Pd3Ag/C
with respect to pure bulk Pd/ This provides one more indication that the nanoparticles exist in an
alloy structure.
It is known that nanosized Pd is easily oxidized in air at room temperature,147,148 which
may deteriorate the catalytic activity. Such oxidation can be detected by XANES even with a
monolayer of Pd-O.149 Oxidized Pd (i.e. PdO) has an edge higher than that of Pd foil (24.3500
keV vs. 24.3545 keV, respectively, or a 4.5 eV shift from Pd0 to Pd2+) and has much higher
XANES intensity between 24.36 and 24.39 keV than metallic Pd. The absorption edge of
XANES for pure Pt nanoparticles in air differs notably from that after reduction in H2.149 As
such, the XANES of Pd3Ag nanoparticles was further analyzed. In Figure 3.11, the blue line
represents the XANES of the Pd3Ag nanoparticles supported on carbon black after 3 months of
benchtop exposure to ambient air, and the red line is for the same sample after in situ reduction
by H2. The two spectra overlap nearly perfectly, indicating that there is no detectable oxidation
(by means of XANES) on the Pd3Ag nanoparticles. In addition, as shown in Figure 3.10, the
XANES of Pd3Ag nanoparticles mates well with that of pure metallic Pd, indicating that the Pd
component of Pd3Ag is of a metallic form. Theory has suggested that, by doping of Ag in Pd, the
d-band of Pd shifts away from the Fermi level, which significantly weakens the chemisorption of
molecules on Pd and decreased the desorption energy barrier.150 In perspective, the room
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temperature oxidation-inert property found in the Pd3Ag nanoparticles implies a good stability of
the catalyst.
The catalytic activity of the Pd3Ag nanoparticle alloys supported over Al2O3 was studied
for the hydrogenation of acrolein. A commercial Pd/SiO2 sample was used for comparison. The
results are summarized in Figure 3.12. Remarkably, the conversion rate of acrolein over Pd3Ag
nanoparticle alloy was nearly 10 times greater than that of monometallic Pd. The enhanced
hydrogenation activity may be related to the binding energy and adsorption geometry of acrolein
on Pd3Ag bimetallic surface. Supposedly, the presence of weaker binding energies of acrolein
through preferred adsorption configuration of Pd3Ag bimetallic surfaced appears to be
responsible for the enhancement in the hydrogenation reaction. The Pd3Ag bimetallic
nanoparticle alloy may affect acrolein adsorption geometry: enhancing the interaction between
the acrolein molecule and the electroactive Pd3Ag surface, which may lead to the enhance
conversion towards the formation of propanal. Similar inferences have been made in the current
study for the higher hydrogenation activity of acrolein by taking advantage of the synergistic
effects of using bimetallic catalysts.151 These results indicate that as-prepared Pd3Ag
nanoparticles, without any further cleaning or calcination treatment, are readily catalytically
active.
In summary, we demonstrated a novel methodology for synthesis of bimetallic Pd3Ag
nanoparticle alloy catalysts by directly dispersing bulk Pd3Ag in liquid lithium. After conversion
of Li to LiOH powder followed by mixing of support materials, the Pd3Ag nanoparticles can be
transferred to a water insoluble substrate by selectively leaching off the LiOH with water under
ambient conditions. TEM studies suggest that the particle size is around 2.3 nm. X-ray
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diffraction and absorption investigations suggested that the resulting Pd3Ag nanoparticles
possess an alloy structure similar to that of the bulk counterpart. Since nearly all precious metals
are fairly soluble in liquid Li, this method provides a simple and robust alternative to wet
chemistry based methods. In perspective, this method is potentially cost competitive and
environmentally friendly, as it uses no organic solvents, stabilizing agents, or toxic chemicals,
leading to a greener process and a smaller carbon footprint overall. The method is also versatile
and applicable over a much wider range of support materials as long as they are water insoluble.
In addition, these alloy catalysts could display novel redox and catalytic properties, which are
critical for development of the next generation of industrial catalysts.

82

Figure 3.9: EXAFS data and fit of Pd3Ag. The Fourier transformed EXAFS spectra of Pd3Ag
nanoparticles on carbon black at the K-edges of (a) Pd and (b) Ag.
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Figure 3.10: XANES data of Pd3Ag in air. XANES of pure bulk Pd foil (reduced in H2 prior to
measurement) and the Pd3Ag nanoparticles described herein in air with no pre-treatment.
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Figure 3.11: XANES data of Pd3Ag in H2. The Pd K-edge XANES of Pd3Ag nanoparticles
before (red line) and after (blue line) reduction in H2 prior to measurement.
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Figure 3.12: Summary of hydrogenation of acrolein test. Catalytic activity of Pd3Ag/Al2O3 in the
hydrogenation reaction of acrolein to propanal. Commercial Pd/SiO2 was used as a comparison.

CHAPTER 4
LITHIUM-ASSISTED “DISSOLUTION – ALLOYING” SYNTHESIS OF NANOALLOYS
FROM INDIVIDUAL BULK METALS
4.1 Introduction

Metal nanoparticles have generated a wide range of new research disciplines in chemistry
(nanocatalysis), physics (plasmonic effect, quantum transport) and medical science (drug carrier,
sensors, etc.).152-160 Taking an expansive view, the synthesis and processing of metal
nanoparticles takes a complicated reduction-oxidation-reduction route. The first step is to obtain
pure bulk metals from their natural ores via costly extraction, reductive refining, and
purification.161,162 The second step is to chemically oxidize/acidize the bulk metals back to their
ionic state, forming precursory ligated ions if needed, an essentially large industry. 163 The third
step is to reduce the ions and/or their precursory ligands again, involving the use and removal of
various assisting organic agents in order to prevent aggregation of the resulting metal
nanoparticles.164-169 Thus, the second and third steps inescapably bring in additional carbon
footprints, organic pollutants and energy consumption. As such, it is highly desirable to develop
a more economical and environmentally benign approach to synthesize metal nanoparticles that
can bypass the use of metal salts by directly converting bulk metals into their nanoparticles. Such
efforts are particularly attractive to heterogeneous catalysts, which largely depend on synthetic
innovations as elucidated below.
This chapter was previously published as Barkholtz, H. M.; Gallagher, J. R.; Li, T.; Liu, Y.;
Winans, R.; Miller, J. T.; Liu, D. J.; Xu, T. Chem. Mater. 2016, 28, 2267-2277. It is reprinted by
permission of the American Chemical Society.
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Optimization of heterogeneous catalysts is often realized by replacing monometallic
nanoparticles with multimetallic alloys for enhanced stability, tunable selectivity, and catalytic
activity over their corresponding monometallic counterparts.8-10,99,105,164,165,167,170-175 However,
conventional ionic reduction-based synthesis for nanoalloys often leads to unintended core-shell
formation due to the different reduction potentials of constituent metals ions.99,173,176 For
example, the standard reduction potentials (vs. SHE) of palladium and platinum are 0.951 V and
1.180 V, respectively.177 Therefore, Pt2+ ions are preferentially reduced before Pd2+ ions, forming
segregated phases in core(Pt)–shell(Pd) structure instead of an atomically intermixed alloy.99,173
There are often catalytic applications where uniformly mixed alloys are preferred. Under such
applications, how to circumvent the segregation of different metals in an alloy becomes a
significant challenge. This challenge is exacerbated when there is a larger difference in standard
reduction potentials. Attempts to avoid core-shell structures involve the use of alternate reducing
agents, and require additional chemical tuning of the precursors, or annealing the nanoparticles at
high temperatures.167,178 For example, bulk Pd-Pt alloys are formed at temperatures above 1500
o

C according to the Pd-Pt phase diagram,179 but high-temperature annealing can cause particle

agglomeration105 as well as degradation of the support materials.
Additionally, the synthesis of some bimetallic nanoalloys is further complicated by the
ease of oxidation of one or more components.180-183 If one metal in a nanoalloy is oxidized,
segregation of metal components within the particle occurs, resulting in a loss of the synergistic
properties of preparing an alloy. In systems where one component is easily oxidized, additional
steps must be performed to prepare the nanoalloy for catalytic reactions. For example, the
preparation of PdZn nanoparticles requires either reduction of the nanoalloys immediately prior
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to a catalytic reaction48,49 even after they are synthesized in heavily reducing conditions; or insitu formation of PdZn during a catalytic reaction46,47 due to alloy segregation caused by the
propensity of Zn to oxidize under ambient conditions.46-49
Previously, we reported that monometallic nanoparticles and bimetallic nanoalloys can be
formed by directly dissolving the corresponding pure bulk metals, such as Pt or pure bulk alloy
such as Pd3Ag in molten lithium at relatively low temperatures (200 and 250 oC).50,51,184 This
synthesis method is environmentally friendly due to the absence of stabilizing agents or organic
solvents during synthesis, cost effective because Li can be recycled from the leaching process, 185
and the nanoparticles do not enter dead volumes of the support material, enhancing activity.
However, the viability of this method is limited to nanoalloys with the same composition as the
bulk alloy, which requires the preparation of the bulk alloys first.
Herein, we report a significant advancement for synthesis of nanoalloys directly from
monometallic bulk transition metals by dissolving them in molten lithium. As illustrated in
Figure 4.1. When two pure bulk transition metals such as Pd and Pt are placed in molten lithium
(~200 oC), the pure bulk transition metals undergo a dissolution process, in which the molten
lithium ruptures the metal-metal bonds in the pure bulk transition metals, resulting in the
existence of individual Pd and Pt atoms in lithium, as evidenced by synchrotron X-ray absorption
techniques. Then, the Pd and Pt atoms undergo an alloying process, to aggregate into nanoalloys
upon the conversion of metallic lithium to LiOH in humid air. The as-prepared PdPt nanoalloys
demonstrated a intermixed alloy structure and no core-shell structure was observed.
As a proof-of-concept, palladium and platinum metals were alloyed in a lithium melt to
yield PdPt nanoparticle alloys. Palladium and platinum were chosen due to their very similar
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crystalline structure (137 and 139 pm atomic radius for Pd and Pt, respectively; both facecentered-cubic). Taking one more step forward, this method is expanded further to include nonplatinum group metal elements of which the parent metal crystal structures differ. This is
exemplified by alloying Pd and Zn which, as pure metals, have face-center cubic (FCC) and
hexagonal close-packed (HCP) structures, respectively. Moreover, the success of the synthesis,
despite large difference in reduction potentials between Pd (0.951 V vs SHE) and Zn (-0.76 vs
SHE) shows that this method is immune to the difficulties suffered by conventional ion
reduction-based methods in forming alloys with greatly different reduction potentials.
Furthermore, the lithium metal acts as a reducing environment in which the individual
metal atoms are protected from oxidation or reduction from their metallic state. Using the same
scheme as shown in Figure 4.1, Pd and Zn bulk transition metals were dispersed in molten
lithium to prepare Pd-Zn atoms. Conversion of Li to LiOH produced PdZn nanoalloys with
remarkable resistance to oxidation in ambient conditions. The PdZn system is typically difficult
to prepare due to the propensity of Zn to oxidize and cause alloy segregation46-49. The PdZn
nanoalloys prepared displayed minimal oxidation, as demonstrated by XANES and EXAFS of
PdZn nanoalloys both with and without pre-treatment in H2 at elevated temperatures. This
method is complementary to the state-of-the-art techniques when certain nanoalloys become
more difficult to synthesize via conventional ionic reduction-based method.
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4.2 Materials and Methods

4.2.1 Sample Preparation

Synthesis of PdPt and PdZn nanoalloys was carried out in an Ar filled glove box (oxygen
level < 0.3 ppm) similarly to previously reported liquid lithium-assisted synthetic
methods50,51,184. Using a nickel crucible, 0.29 mol of lithium (99.9% Alfa-Aesar) was heated to
200 oC, to which 0.45 mmol of palladium foil (99.9 % Alfa-Aesar) and 0.45 mmol of platinum
foil (99.9% Alfa-Aesar) or 0.45 mmol of zinc metal (99.9% Alfa-Aesar) were simultaneously
added. A tip ultrasonic homogenizer was used to ensure a homogenous dispersion of metal
particles while the lithium melt was maintained at 200 oC for four hours. Formation of a solid
solution was achieved by rapidly pouring the molt onto a clean 316 stainless steel plate to quench
the melt and avoid segregation of metal components. The Li-Pd-Pt and Li-Pd-Zn melt (0.15
mol% PdPt or PdZn) solid solutions were removed from the glove box and, in the case of
unsupported nanoalloys, carefully placed in double distilled water. It is worth noting that
extreme caution should be used when placing metallic lithium in water, as an energetic reaction
ensues. The black precipitates were collected and washed three times with double distilled water
and dried in a desiccator overnight. In the case of amorphous carbon supported nanoalloys, once
Li-Pd-Pt or Li-Pd-Zn melts were removed from the glove box, they were cut into small pieces
and slowly converted from Li to LiOH using humidified air. The ensuing PdPt-NP/LiOH or
PdZn-NP/LiOH materials were combined with the desired amount of carbon black (XC-72R)
and mix with an agate mortar and pestle until homogenous. The LiOH can be leached out with
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copious amounts of double distilled water leaving the nanoalloys imbedded in the amorphous
carbon support. Synthesis of Pt nanoparticles for the size control study was carried out as
described above. Briefly, bulk Pd was added to the molten Li in amounts needed to achieve
molar concentrations of 0.02, 0.2, and 2.0 molar % Pd in Li. After ensuring a homogenous
solution through sonication, a Li-Pd solid solution was prepared via rapid quenching of the Li-Pd
melt and the cooled Li-Pd solid solution was removed from the glove box where Li was carefully
converted to LiOH. Resulting Pd-LiOH powders were mixed with a CeO2 support and the LiOH
was removed with copious amounts of water to yield 50 mass % Pd on CeO2 samples which
were then analyzed via SAXS.
4.2.2 Characterization

TEM samples were prepared by dispersing 4 mg of as-prepared PdPt/LiOH or
PdZn/LiOH in a 1 to 1 (by volume) water and ethanol solution which was sonicated for one hour.
The carbon support film backed copper TEM grid was dipped in the solution and dried on filter
paper overnight in air. A JEOL 2100F filed emission TEM operated at 200kV was employed for
microstructure analysis.
Powder X-ray diffraction (PXRD) measurements were carried out on a Rigaku Miniflex
diffractometer with Cu Kα radiation (λ = 1.5406 Å). Samples were prepared by placing them on
a silicon zero diffraction plate with amorphous carbon-based grease.
Small angle x-ray scattering (SAXS) experiments were performed at the APS 12ID-B
station. PdPt-NP/C catalysts were loaded into 1.5 mm diameter quartz capillary tubes for the
SAXS measurements. The 2D SAXS data were collected on a Pilatus 2M area detector
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(DECTRIS Ltd.), selecting a q range of 0.006 – 1 Å-1 and an incident energy of 12 keV. The
scattering vector, Q, was calibrated using silver behenate. Quantitative data analysis was
performed using spherical form factors with a maximum entropy algorithm via the Irena
software package.
X-ray absorption measurements (XAS) on PdPt-NP and PdPt-NP/C and PdZn-NP/C and
PdZn-NP were acquired at the 10-BM beamline of the Materials Research Collaborative Access
Team (MRCAT) at the Advanced Photon Source (APS), Argonne National Laboratory (ANL).
XAS on Li-Pd-Pt and PdPt-NP/LiOH were carried out at the APS, Sector Beamline 20 at ANL.
Data was acquired in transmission at the Pd K-edge (24.350 keV), Pt L3-edge (11.564 keV), and
Zn K-edge (9.657 keV) in step-scan mode using ionization chambers optimized for the
maximum current with linear response (about 1010 photons detected per second) with 10%
absorption in the incident ion chamber and 70% absorption in the transmission ion detector. The
appropriate foil spectrum was acquired simultaneously with each sample measurement for
energy calibration. Samples were pressed into a cylindrical sample holder consisting of six wells,
forming a self-supporting wafer which was then placed into a quartz tube (1-in. OD, 10-in.
length) sealed with Kapton windows by two Ultra-Torr fittings through which gas could be
flowed. Unsupported nanoalloys were measured in air at room temperature while the carbon
supported nanoalloys were measured in He at room temperature after reduction in 3.5 % H2/He
at 250 oC.
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4.2.3 Data Analysis

The normalized, energy calibrated, Zn K-edge, Pd K-edge, and Pt L3-edge XANES
spectra were obtained using standard methods and standard data reduction techniques were
employed to fit the data using the WINXAS 3.1 software.186 The edge energy was determined
from the maximum in the first peak of the first derivative of the XANES. Experimental phase
shift and backscattering amplitudes were measured using standard compounds of known
structure; Pd foil (12 Pd-Pd at 2.75 Å), PdO (4 Pd-O at 2.01 Å, Pt foil (12 Pt-Pt at 2.77 Å),
Na2Pt(OH)6 (6 Pt-O at 2.05 Å), and ZnO (4 Zn-O at 1.98 Å). Theoretical phase and amplitude
functions for Pd-Pt, Pt-Pd, Pd-Li, Pt-Li, Pd-Zn, and Zn-Pd were calculated with FEFF6 using a
two atom calculation.187 The values for the amplitude reduction factor, 𝑆𝑜2 and the mean square
disorder, σ2 were determined by fitting the corresponding foil Pd and Pt foils with FEFF. The Zn
FEFF parameters were determined using a Cu foil. The EXAFS parameters were obtained by a
least squares fit in the R-space of the k2-weighted Fourier transform (FT) data, while the EXAFS
parameters for the Li-Pd-Pt melt were obtained by a least squares fit in k-space of the k2weighted isolated first shell FT data. Fits were performed by refinement of the coordination
number (CN), bond distance (R), energy shift (ΔEo), and mean-square disorder relative to the
reference (Δσ2). Fitting ranges are shown in captions. The estimated errors in the EXAFS fitting
are: CN ± 1, and R ± 0.02 Å, within those typical for EXAFS fitting.188
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4.2.4 Electrochemical Measurements
Modified glassy carbon electrodes (GCE) were prepared by first dispersing 20 mg of 50
wt% PdPt-NP/C into 10 mL of deionized water and sonicating for one hour. When homogenous,
10 μL of this dispersion was pipetted onto the GCE (5 mm diameter and mirror polished) and
dried in air at room temperature overnight to form a flat thin film fully covering the surface of
the GCE. Once dry, 10 μL of 0.1 wt% Nafion water solution (diluted from 5 wt% Nafion
perfluorinated resin solution from Sigma-Aldrich) was deposited over the nanoalloys and dried
in air at room temperature. Pt wire and Ag/AgCl were used as the counter and reference
electrodes, respectively. The nanoparticle-modified GCE was submerged in nitrogen saturated
0.1 M HClO4 solution and a CV was obtained on a Pine instrument with a potential window of 0.25 V to 1.0 V (vs. Ag/AgCl). CVs for the methanol electro-oxidation reaction were observed in
0.1 M HClO4 and 0.1 M methanol with a potential window of 0.0 V to 0.9 V (vs. Ag/AgCl).
4.3 Results and Discussion

To prepare unsupported PdPt and PdZn nanoalloys in 1:1 molar ratios, molten lithium
was used as a solvent to dissolve individual palladium and platinum or palladium and zinc bulk
transition metals. The metals were added in a 1 to 1 molar ratio to achieve PdPt or PdZn
nanoalloys. Metal feed ratio will represent the output alloy composition as long as a stable alloy
exists at that feed ratio. The melt was held at a constant temperature and a titanium tip sonicator
was used to ensure that a homogenous dispersion of metal atoms was achieved. After heating,
the melt was rapidly quenched to prevent agglomeration of metal atoms within the solid solution
of lithium. The PdPt or PdZn nanoalloys self-assemble into alloys during the slow and careful
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conversion of Li to LiOH. The Li was removed from the glove box and cut into small pieces
where the exposed metal immediately oxidized. To ensure complete conversion of Li to LiOH,
the sample was placed in a stream of humidified air. The resulting LiOH/PdPt or LiOH/PdZn
materials can be combined amorphous carbon support materials and the LiOH is leached off with
copious amounts of water. Additionally, to study the resistance to oxidation in ambient
conditions, unsupported particles were prepared by placing small amounts of metallic lithium
directly into water in a careful and controlled environment. It is worth nothing that extreme
caution should be exercised when placing Li into water as a fast and energetic reaction ensues.
TEM images of PdPt nanoalloys are shown in Figure 4.2a. The particle size distribution
shown in Figure 4.2b indicates an average particle diameter of 7 ± 2 nm. The high resolution
TEM micrograph shown in Figure 4.2c indicates the nanoparticle is well crystalized but with a
(111) twin boundary.
Figure 4.3 is the powder XRD analysis of PdPt nanoalloys compared to bulk Pd and Pt.
As can be seen, the XRD peaks of Pd and Pt are located very close to those of PdPt nanoalloys
due to the very similar crystal structure of Pd and Pt. Upon closer inspection, one can see that the
(111) peak position of Pt is 40.7o, Pd is 40.5o, and the PdPt alloy peak falls in between the
positions Pd and Pt at 40.6o, indicating alloy formation. The atomic radius of Pd is 137 pm and
Pt is 139 pm, both forming face-centered cubic crystalline structures giving rise to very similar
powder XRD peaks. Pd and Pt also form substitutional alloys possessing the same FCC structure
across the full compositional range; therefore there is potentially significant overlap between the
peaks of the pure metals and the binary alloy. As such, it is difficult to conclusively determine
whether a phase-pure alloy has been formed or whether there is a mixture of individual metallic
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phases. Furthermore, the peaks of PdPt nanoalloys are notably broadened due to the nanoscale
diameter of prepared particles.
Thus, using the Scherrer equation, τ = Kλ/βsin(θ), the grain size can be estimated, where
τ is the mean grain (particle) size, K is the shape factor (0.9), λ is the wavelength (0.1504 nm), β
is the full-width at half-maximum (FWHM), and θ is the Bragg angle.141 Using the Scherrer
equation and data from Figure 4.3 gives an average particle size of 8 nm ± 3 nm, which is in
agreement with TEM results.
The PdPt particle size was further evaluated using small-angle X-ray scattering (SAXS)
measurements on PdPt-NP/C. Unlike TEM, which only provides particle sizes of a small amount
of samples locally, SAXS provides an average particle size on a large scale of the sample. Figure
4.4a shows the 1D scattering curves obtained from 2D SAXS measurements. The mean particle
size extracted from the SAXS measurements (see Figure 4.4b) for the PdPt nanoalloys is 5 ± 0.1
nm. The particle size given here is smaller than the TEM measurements because TEM measures
number distributions whereas SAXS measures the volume weighted distribution. The particle
sizes estimated by TEM, the Scherrer equation, and SAXS are all consistent when the standard
deviations are taken into account.
To verify whether particles were truly alloyed, extended X-ray absorption fine structure
(EXAFS) studies were performed on both unsupported PdPt nanoalloys and PdPt nanoalloys
supported on amorphous carbon, denoted as PdPt-NP and PdPt-NP/C, respectively. Figure 4.5a
exhibits the Pd K-edge R-space EXAFS spectrum of PdPt-NP/C, which was reduced prior to
measurement in 3.5% H2/He at 250 oC. Figure 4.5b shows the Pt L3-edge R-space EXAFS
spectrum for the same sample. The shape of the EXAFS at both edges is indicative of alloy
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Figure 4.2: TEM results of PdPt. (a) TEM images (bar = 200 nm) of PdPt-NP on an amorphous
carbon supporting film. (b) Particle size histogram (total 188 particles). Mean particle diameter is
7 ± 2 nm. (c) High-resolution transmission electron micrograph (TEM) of an individual PdPt
nanoalloy.
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Figure 4.3: Powder XRD patterns of PdPt-NP. Pt and Pd bulk metals were filed from their
corresponding bulk foils. Bulk materials have been indexed. Peak broadening of PdPt-NP is due
to their nano-scale size.

100

formation and this is further confirmed by the fitted parameters. A poor fit was obtained when
only homonuclear scattering was used (i.e. assuming only Pt-Pt scattering or Pd-Pd scattering),
while a good fit to measured data was obtained when both homonuclear and heteronuclear
scattering were used (i.e. assuming Pt and Pd are atomically intermixed giving Pd-Pd, and Pd-Pt
or, Pt-Pt and Pt-Pd scattering). If a core-shell structure was present, the fit would be
predominantly homonuclear scattering due to a Pt core and Pd shell with limited Pd-Pt bonding.
However, this is not the case, and the scattering is a combination of homonuclear and
heteronuclear scattering due to the PdPt nanoalloys having a random alloy structure, as is seen in
bulk PdPt alloys.
Table 4.1 includes the fitted EXAFS data of both supported and unsupported PdPt
nanoalloys at the Pd K-edge and Pt L3-edge. It can be seen that Pd-Pt and Pt-Pd coordination
numbers (CN) are within error (5.2 and 4.4, respectively) as are the bond distances,
demonstrating that the fitting at both edges is consistent. The heteronuclear coordination
numbers (i.e. Pd-Pt = 5.2) are close to the homonuclear coordination numbers (i.e. Pd-Pd = 6.6)
and therefore there is little segregation. The bond distances are all slightly contracted relative to
the bulk values due to the nano-sized particles189.

EXAFS R-space spectra are shown in Figure 4.6 for unsupported PdPt nanoalloys
without pretreatment. Similarly to the supported nanoalloys, the shape of the EXAFS at both
edges is indicative of alloy formation and this is confirmed by the fitted parameters. The Pd-Pt
and Pt-Pd coordination numbers are within error (3.5 and 3.6, respectively) as are the bond
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Figure 4.4: SAXS results of PdPt. (a) 1D scattering curve obtained from 2D SAXS measurements of PdPt-NP/C sample and fit results.
(b) The calculated size distribution of PdPt nanoalloys. The mean particle size was found via SAXS to be 5 ± 0.1 nm.
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Figure 4.5: EXAFS data and fit of PdPt. (a) Fitting results of the Pd K-edge R-space EXAFS
spectrum of PdPt-NP/C. Fitting range 2.9 Å-1 < k < 11.0 Å-1, 1.7 Å < R < 3.0 Å. (b) Fitting
results of the Pt L3-edge R-space EXAFS spectrum of PdPt-NP. Fitting range 2.9 Å-1 < k < 11.1
Å-1, 1.8 Å < R < 3.2 Å.
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Table 4.1: Summary of fitted EXAFS data. Summary includes data from both supported and
unsupported PdPt nanoalloys, including the scattering path, coordination number (CN), distance
to the neighboring atom (R), mean-square relative displacement (Δσ2), and energy shift (ΔE0).

Sample

Path

CN

R, Å

Δσ2

ΔE0, eV

PdPt-NP/C

Pd-Pt

5.2

2.73

0.002

0.6

( 250 oC in H2)

Pd-Pd

6.6

2.75

0.002

-0.8

Measured in: He

Pt-Pd

4.4

2.73

0.002

4.5

RT

Pt-Pt

6.9

2.75

0.002

0.9

PdPt-NP

Pd-Pt

3.5

2.73

0.002

0.9

Measured in:

Pd-Pd

6.1

2.74

0.002

-0.9

Air RT

Pd-O

0.7

2.01

0.002

4.0

Pt-Pd

3.6

2.73

0.002

4.8

Pt-Pt

5.4

2.75

0.002

-0.4

Pt-O

0.9

2.05

0.002

2.0
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Figure 4.6: EXAFS data and fit of PdPt. (a) Fitting results of the Pd K-edge R-space EXAFS
spectrum of PdPt-NP. Fitting range 2.9 Å-1 < k < 11.0 Å-1, 1.3 Å < R < 3.0 Å. (b) Fitting results
results of Pt L3-edge R-space EXAFS spectrum of PdPt /C. Fitting range 2.7 Å-1 < k < 11.1 Å-1,
1.8 Å < R < 3.2 Å.
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distances, representative of consistent fitting at both edges. The heteronuclear coordination
numbers are quite far from the homonuclear coordination numbers indicating that there is some
segregation leading to Pd rich and Pt rich regions. This may be due to oxidation leading to dealloying of unsupported nanoalloys. The fit was much improved by the addition of M-O
scattering and the overall total metal coordination numbers are lower, which is in agreement with
partial oxidation. Although partial oxidation is observed, this is minimal given the high-surfacearea-to-volume ratio of these nanoscale particles as well as the lack of a support material or pretreatment. We propose that the reducing environment of the Li melt inhibits Pd or Pt oxidation.
Additionally, during the conversion of Li to LiOH, the Li oxidizes preferentially to transition
metals, which also serves to protect the alloying nanoparticles from oxidation.
XANES spectra were obtained to further investigate the oxidation of both supported and
unsupported PdPt nanoalloys at the Pd K-edge, see Figure 4.7. The Pt L3-edge of the same
samples are also included in Figure 4.8. As can be seen in Figure 4.7, the spectra indicate
predominantly metallic nanoalloys. Important information from the XANES spectra given in
Figures 4.7 and 8 is summarized in Table 4.2. The small differences between PdPt-NP/C and
PdPt-NP are due to partial oxidation of the unsupported and un-pretreated nanoalloys which
were measured in air in contrast to the PdPt-NP/C nanoalloys which were measured after a pretreatment in H2. The main difference is in the height of the adsorption edge which increases in
intensity with increasing oxidation, as is demonstrated with the inclusion of a PdO reference.
To gain insights into the mechanism of PdPt nanoparticle formation in the lithium melt,
EXAFS was performed on the solidified Li-Pd-Pt melt and compared to PdPt nanoalloys in
LiOH matrix (PdPt-NP/LiOH) resulting from the subsequent synthetic step as represented in
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Table 4.2: Summary of the XANES edge energies. Edges investigated include the Pd K-edge, Pt
L3-edge, and Zn K-edge of both supported and unsupported nanoparticles. Foil edge energies are
included for reference.
Sample

Edge

Edge Energy (keV)

Pd Foil

Pd K-edge

24.3494

PdPt-NP/C

24.3491

PdPt-NP

24.3491

PdZn-NP/C

24.3480

PdZn-NP

24.3485

Pt Foil

Pt L3-edge

11.5640

PdPt-NP/C

11.5639

PdPt-NP

11.5639

Zn Foil

Zn K-edge

9.6585

PdZn-NP/C

9.6576

PdZn-NP

9.6577

107

Figure 4.7: XANES data from PdPt at the Pd K-edge. Pd K-edge spectra from 24.32 – 24.40 keV
for PdPt-NP/C (H2), PdPt-NP (air), and reference compound PdO.
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Figure 4.8: XANES data from PdPt at the Pt L3-edge. Pt L3-edge spectra from 11.53 – 11.61 keV
for both PdPt-NP/C (red line) which was pretreated and measured in H2 and unsupported PdPtNP (blue line) which had no pre-treatment and was measured in air.
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Figure 4.9: EXAFS spectra of Li-Pd-Pt melt. (a) Magnitude and imaginary part of the Fourier
Transform (FT) of the EXAFS spectrum at the Pd K-edge of Li-Pd-Pt melt. Fitting range 2.2 Å-1
< k < 7.6 Å-1. (b) Pd K-edge k2 weighted isolated first-shell FT data
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Table 4.3: Summary of the fitted EXAFS data. Systems included are Pd and Pt dispersed in
metallic lithium and PdPt nanoalloys in LiOH (both measured in air at room temperature),
including the scattering path, coordination number (CN), distance to the neighboring atom (R),
mean-square relative displacement (Δσ2), and energy shift (ΔE0).
Sample

Path

CN

R, Å

Δσ2

ΔE0, eV

Li-Pd-Pt

Pd-Li

6.6

2.73

0.004

0.5

Pt-Li

7.8

2.67

0.004

-4.3

PdPt-

Pd-Pt

3.8

2.73

0.002

4.0

NP/LiOH

Pd-Pd

5.0

2.74

0.002

0.0

Pt-Pd

3.6

2.72

0.002

4.3

Pt-Pt

5.0

2.74

0.002

3.8
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Figure 4.10: EXAFS spectrum at the Pt L3-edge of Pd/Pt/Li. (a) is the magnitude and imaginary
part of the Fourier-transform of the EXAFS spectrum measured from 2.2 Å-1 < k < 7.2 Å-1 and
1.6 Å < ΔR < 2.9 Å. (b) is the k2 weighted isolated first-shell Fourier-transform data (black line)
and fit (red line) of the EXAFS measured from 2.2 Å-1 < k < 7.2 Å-1 and 1.8 Å < ΔR < 2.7 Å.
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Figure 4.1. Figure 4.8 shows the Pd K-edge of Li-Pd-Pt melt and is the k2 weighted isolated firstshell Fourier Transform (FT) data and fit. The magnitude and imaginary part of the FT of the
EXAFS spectra is given in Figure 4.9a, while the FT measured data and fit are displayed in
Figure 4.9b. Fitting parameters for Figure 4.9 are summarized in Table 4.3. It can be seen that all
of the nearest neighbors to Pd are very light, that has to be lithium, implying that the bulk
palladium metal is atomically dispersed in molten lithium, a complete dissolution process. The Pt
L3-edge (Figure 4.10) displays the same phenomenon.
After conversion of Li to LiOH, EXAFS was run again to explore the state of PdPt
nanoalloy formation. Figure 4.11a shows the EXAFS fitting results of the Pd K-edge of PdPtNP/LiOH sample. We then compared Figure 4.11a with the EXAFS spectra of supported (Figure
4.4a) and unsupported (Figure 4.5a) PdPt-NP samples. It can be easily seen that shape of the Rspace EXAFS spectra of these three samples closely resemble one another, indicating that the
coordination environments are very similar in these three samples. Therefore, significant PdPt
alloys formation occurs on oxidation of the solidified Li melt. Additional evidence can be drawn
from the Pt L3-edge EXAFS spectrum (Figure 4.11b) of the PdPt-NP/LiOH sample, which also
displays a strong resemblance to the corresponding spectra for supported (Figure 4.4b) PdPt
nanoalloys. In contrast, the EXAFS of Li-Pd-Pt melt (Figure 4.9) looks so starkly different from
all the above alloyed samples because there is no transition metal coordination in the Li-Pd-Pt
melt. This is demonstrated most clearly when looking at the coordination numbers of the fitted
EXAFS data. When comparing the coordination numbers given in both Tables 4.1 and 2, it is
plainly seen that the local environment of PdPt-NP/LiOH is most like that of supported PdPtNP/C. The local environment of Li-Pd-Pt melt has no transition metal bonding character the
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Figure 4.11: R-space EXAFS spectra of the PdPt-NP/LiOH sample. The black curves are the
Fourier transformed (FT) experimental data and the red curves are the fitted data. (a) Fitting
results of the Pd K-edge R-space EXAFS spectrum of PdPt-NP/LiOH. Fitting range 2.9 Å-1 < k <
11.0 Å-1, 1.7 Å < R < 3.0 Å. (b) Fitting results of the Pt L3-edge R-space EXAFS spectrum of
PdPt-NP/LiOH. Fitting range 2.7 Å-1 < k < 11.1 Å-1, 1.8 Å < R < 3.2 Å.
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precious metals only have bonds to Li. This result indicates that molten lithium ruptures the
metal-metal bonds of bulk Pd and Pt, a dissolution process, and Pd and Pt exist as atomic format
in the Li-Pd-Pt melt; while during the conversion of Li to LiOH, the Pd and Pt atoms undergo an
alloying process to self-assemble into PdPt nanoalloys. Additionally, since the unsupported and
un-pretreated samples had minimal oxidation, the lithium also serves to protect the PdPt
nanoalloys from oxidation during the alloying process. In future works, we hope to expand upon
the interesting opportunities this synthesis method may provide by limiting or eliminating the
self-assembly of nanoalloys while trapping the resulting particles/atoms in LiOH.
The electrocatalytic activity of the PdPt-NP/C nanoalloy was evaluated for the methanol
electro-oxidation reaction. Figure 4.12 shows the cyclic voltammetries (CVs) of PdPt-NP/C in
comparison to monometallic Pt nanoparticles on carbon (Pt-NP/C). The CV spectra were
obtained by scanning from -0.25 V to 1.0 V (vs. Ag/AgCl) at 50 mV/s in 0.1 M HClO4
electrolyte. As can be seen, the hydrogen desorption peak (A) of Pt-NP/C shows more definition
than PdPt-NP/C. This is most likely due to the higher concentration of Pt crystalline faces in the
monometallic nanoparticle than the nanoalloys, which is expected. In addition, PdPt-NP/C
displays a suppression of both the hydrogen desorption (A) and adsorption (F), suggesting a
more stable surface over the potential window investigated. Since Pd is more easily oxidized
than Pt, the onset potential for the formation of hydroxide adsorbates (C) is lower than that of
Pt-NP/C. Additionally, formation of an oxide layer (D) occurs on Pt, but the corresponding peak
is significantly reduced in the PdPt-NP/C, indicating the residual PdPt-(O)ads layer is minimal.
Reduction of the oxide/hydroxide layer (E) occurs at a lower onset potential for PdPt-NP/C,
displaying enhanced chemisorption of hydroxide groups for PdPt-NP/C compared to Pt-NP/C.
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Figure 4.12: Overlapping cyclic voltammograms of PdPt-NP/C and Pt-NP/C for comparison of
electrode reactions in 0.1 M HClO4 electrolyte.
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Figure 4.13: Cyclic voltammetry of methanol electro-oxidation. Current density - potential
curves reflecting methanol electro-oxidation reaction catalysts PdPt-NP/C and Pt-NP/C in 0.1 M
HClO4 and 0.1 M CH3OH electrolyte. Inset graphical representation of increased specific activity
from Pt-NP/C to PdPt-NP/C catalyst. PdPt-NP/C electrocatalysts displayed 72.0 % more activity
than Pt-NP/C.
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Figure 4.13 shows the j-V curves normalized to grams of Pt used. CVs were obtained by
scanning from 0.0 V to 0.9 V (vs. Ag/AgCl) at 50 mV/s in 0.1 M HClO4 and 0.1 M methanol
electrolyte solution. The PdPt-NP/C catalyst had a forward peak density of 436.6 mA/mgPt
surpassing that of Pt-NP/C at 253.8 mA/mgPt, equivalent to an increase in catalytic activity of
72.0%. This increased catalytic activity of PdPt-NP/C nanoalloys may be caused by the
ensemble effect commonly exploited when creating alloy catalysts.
Expanding this novel fission-fusion nanoalloying method assisted by molten lithium to
other nanoalloys whose parent individual bulk metals possess dissimilar crystal structures, PdZn
was synthesized by dispersing bulk FCC Pd and HCP Zn metals in molten lithium to
demonstrate the viability of this method. Moreover, the reduction potential of Pd (0.951 V vs
SHE) is much greater than that of Zn (-0.76 vs SHE)177. Hence, nanoalloying of Pd and Zn
would be a significant challenge when using conventional ionic reduction-based synthetic
methods. Furthermore, zinc has a propensity to readily oxidize when left in contact with air at
ambient conditions and typically requires a reduction treatment before it can be used in a
catalytic application to convert ZnO back to Zn46-49. The oxidation of Zn causes the alloy to
segregate into Pd and Zn rich regions. Due to the ability of Li to serve as a reducing environment
and to protect the metals during the alloying process, we propose that this method could serve to
produce nanoalloys with minimal oxidation whose systems are difficult to prepare via traditional
nanoalloy synthesis methods.
Figure 4.14 depicts the powder XRD pattern of the PdZn nanoalloys synthesized by our
molten lithium nanoalloying method, in comparison to bulk Pd and Zn metal powders. The PdZn
nanoalloy XRD pattern vastly differs from either bulk Pd or bulk Zn. The XRD pattern matches
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Figure 4.14: Powder XRD of PdZn-NP. Pd and Zn were filed from their foils for comparison.
For the zinc reference, some ZnO peaks are noted and labeled as such. All indexed peaks are
from Zn. The peaks of PdZn-NP do not overlap with Pd nor Zn, which is indicative of alloy
formation. Broadening of the PdZn-NP peaks is due to their nano-scale size. For reference,
simulated peaks of PdZn β1 crystals are included and indexed at the bottom of the figure.191
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well to the equimolar Pd-Zn alloy possessing the tetragonal L10 structure, termed β1-PdZn which
is an intermetallic (ordered) alloy190. The PdZn nanoalloy prepared herein does have additional
disorder compared to the reference XRD pattern as is evidenced by the merging of the two peaks
centered at 41o and 44o 2θ. Additionally, the peaks are extremely broadened due to the nanoscale
size of the particles, making some peaks difficult to discern.
To further demonstrate alloy formation, EXAFS was performed on unsupported PdZn
nanoalloys and supported PdZn nanoalloys on amorphous carbon support, indicated as PdZn-NP
and PdZn-NP/C, respectively. Figure 4.15 shows the Pd K-edge and Zn K-edge R-space EXAFS.
The shape at both edges is indicative of alloy formation and more specifically the presence of
predominantly heteronuclear scattering. At the Pd edge, a very poor fit is obtained if Pd-Pd
scattering is used instead of Pd-Zn scattering and similarly at the Zn edge a very poor fit is
obtained if Zn-Zn scattering is used instead of Pd-Zn scattering. This means that atoms are
mainly surrounded by atoms of the second element and therefore suggest that the alloy is nonrandom. The most likely phase is the β1-PdZn structure, in agreement with the XRD results. As
summarized in Table 4.4, Pd-Zn and Zn-Pd coordination numbers are within error (6.9 and 6.2,
respectively) as are the bond distances, indicating that the fitting at both edges is consistent. The
bond distances are slightly contracted relative to the bulk values likely due to the nano-sized
particles. At the Zn edge there is a contribution from Zn-O scattering indicating partial oxidation,
even though this material was reduced in H2 at 250 oC prior to measurement. At the Pd edge,
inclusion of Pd-O scattering did not improve the fit suggesting that the oxidation of Zn occurs
preferentially over the oxidation of Pd. Although there is some oxidation, it is minimal, as is
evident by the small contribution of Zn-O scattering to the fit.
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Figure 4.16 shows the EXAFS R-space spectra for unsupported PdZn-NP without pretreatment.
The results for the unsupported PdZn-NP are very similar to those of the supported PdZn-NP/C.
The metal coordination numbers are slightly lower than those for the PdZn-NP/C and the Zn-O
coordination number is slightly higher, indicating the unsupported PdZn-NP (measured in air)
are slightly more oxidized than the supported PdZn-NP/C (measured in H2). The minimal
oxidation observed in this PdZn system where Zn is very easily oxidized demonstrates the
unique ability of the lithium-assisted dissolution-alloying synthesis method to prepare alloy
systems which are typically very difficult using more traditional reduction – based synthesis
methods. Successful synthesis of PdZn with minimal oxidation serves to pave the way for this
lithium-assisted dissolution-alloying synthesis method to tackle even more problematic alloy
systems in the future.
TEM images of PdZn nanoalloys are shown in Figure 4.17. It can be seen that the size of
PdZn nanoalloy is around 5 nm. The PdZn particle size was further confirmed by SAXS
measurements on PdZn-NP/C. Figure 4.18a is the 1D scattering curves obtained from 2D SAXS
measurements. The average particle size extracted from SAXS, as shown in Figure 4.18b, is 3
nm, in agreement with the TEM study.
Furthermore, nanoalloy synthesis techniques must include a method of nanoparticle size
control to be considered viable. Due to the self-assembling nature of this lithium-assisted
dissolution-alloying synthesis technique, we propose that the nanoparticle diameter could be
easily controlled by simply adding higher molar concentrations of bulk precursor transition
metals to the lithium melt. As a proof of concept, Pd nanoparticles supported on CeO2 were
prepared by adding 0.02, 0.2, and 2.0 molar % Pd into molten Li and SAXS was used to
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Table 4.4: Summary of the fitted EXAFS data of both PdZn-NP and PdZn-NP/C. Data includes
the scattering path, coordination number (CN), distance to the neighboring atom (R), meansquare relative displacement (Δσ2), and energy shift (ΔE0).
Sample

Path

CN

R, Å

Δσ2

ΔE0, eV

PdZn/C

Pd-Zn

6.9

2.61

0.002

-3.2

(250 oC in H2)

Zn-Pd

6.2

2.60

0.002

-4.3

0.9

2.00

0.002

13.8

Measured in: He Zn-O
RT
PdZn

Pd-Zn

6.0

2.60

0.002

-3.9

Measured in:

Zn-Pd

5.2

2.60

0.002

-4.1

Air RT

Zn-O

1.0

1.99

0.002

9.8
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Figure 4.15: EXAFS for PdZn-NP/C. (a) Fitting results of the Pd K-edge R-space EXAFS
spectrum of PdZn-NP/C. Fitting range 2.8 Å-1 < k < 11.1 Å-1, 1.7 Å < R < 2.7 Å. (b) Fitting
results of the Zn K-edge R-space EXAFS spectrum of PdZn-NP/C. Fitting range 2.8 Å-1 < k <
11.2 Å-1, 1.2 Å < R < 2.8 Å.

123

Figure 4.16: EXAFS for PdZn-NP.(a) Fitting results of the Pd K-edge R-space EXAFS spectrum
of PdZn-NP. Fitting range 2.8 Å-1 < k < 11.1 Å-1, 1.7 Å < R < 2.7 Å. (b) Fitting results of the Zn
K-edge R-space EXAFS spectrum of PdZn-NP. Fitting range 2.8 Å-1 < k < 11.2 Å-1, 1.2 Å < R <
2.8 Å.
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Figure 4.17: TEM images of PdZn-NP on an amorphous carbon supporting film.

Figure 4.18: SAXS results for PdZn. (a) 1D scattering curve obtained from 2D SAXS measurements of PdZn-NP/C
Figure 4.18: SAXS results for PdZn. (a) 1D scattering curve obtained from 2D SAXS measurements of PdZn-NP/C sample and
sample and fit results. (b) The calculated size distribution of PdZn nanoalloys. The mean particle size was found via
fit results. (b) The calculated size distribution of PdZn nanoalloys. The mean particle size was found via SAXS to be 3 nm.
SAXS to be 3 nm.
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Figure 4.19: SAXS particle size analysis of three molar concentrations of Pd in Li. Starting from
the bottom, the 0.02 mol% Pd in Li gave nanoparticles with a mean diameter of 4.0 ± 0.1 nm.
The middle graph shows Pd nanoparticles prepared from 0.2 mol% Pd in Li yielding mean
diameters of 5.3 ± 0.1 nm. Finally, the highest concentration of 2.0 mol% Pd in Li gave
nanoparticles of mean diameter 6.8 ± 0.1 nm.
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determine the mean particle size and size distribution, see Figure 4.19. Starting at a concentration
of 0.02 molar % Pd in Li, the particle diameter was found by SAXS to be 4.0 ± 0.1 nm with a
narrow size distribution. As the concentration of Pd in Li was increased to 0.2 molar %, the mean
particle diameter also increased to 5.3 ± 0.1 nm. Even at a relatively high concentration of 2.0
molar % Pd in Li, the resulting nanoparticles were only 6.8 ± 0.1 nm in diameter. It is easy to see
that as the transition metal concentration is increased within the lithium melt; the metal atoms
self-assemble into nanoparticles with increasing diameters.
In summary, we have demonstrated a lithium-assisted dissolution-alloying synthetic
method by direct dissolution of pure individual bulk metals in molten lithium, followed by
assembling the metal atoms into nanoalloys upon the oxidation of Li to LiOH, of which the
LiOH content can be easily removed with water at room temperature. Two systems including
PdPt nanoalloys and PdZn nanoalloys have been exemplified using this method. TEM and SAXS
studies demonstrate that the average particle diameter is 5~7 nm. X-ray diffraction and X-ray
absorption studies imply that the resulting Pd-Pt and Pd-Zn nanoalloys are predominantly
metallic and of an alloy structure similar to what would be expected in the bulk alloy. The
prepared nanoalloy systems demonstrate remarkably minimal oxidation, even when the
nanoalloys are left unsupported and un-pretreated prior to EXAFS and XANES measurements.
We propose that the Li serves not only as a solvent but also as a constantly reducing environment
in which the metal atoms are protected. During conversion of Li to LiOH when the metal atoms
self-assemble into nanoalloys, the Li oxidizes preferentially to the metal nanoalloys, offering
additional oxidation protection during the synthetic process. Particle size control was also
studied using Pd nanoparticles as a proof of concept. We have determined that when controlling
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particle diameter, the limiting factor is the concentration of transition metal nanoparticle
precursors within the lithium solution itself, offering easy nanoparticle size control. Due to the
expansion of this method to include alloy systems of dissimilar bulk individual metal crystalline
structure and large difference in reduction potentials, this method offers a simple and robust
alternative to ionic reduction based methods for synthesizing metallic nanoalloys and mitigates
the metal segregation within the nanoalloys due to the minimal oxidation observed. This method
could potentially reduce the overall cost and environmental impact during the synthesis and
processing of nanoalloys by circumventing the need to oxidize/acidize bulk metals into metal
salts which are then reduced back into metal particles with the use of reducing and stabilizing
agents. Additionally, since metallic Li does not occur naturally in Earth’s crust due to the
reactivity of elemental lithium, there are already in place a variety of method to prepare lithium
metal from its oxidized ore’s. If this method were to be scaled up, the LiOH removed from the
catalyst preparation system could be retained and reduced back into lithium metal for re-use. We
believe that compared to the harsh conditions required to prepare nanoalloy systems which prove
difficult of near impossible with traditional co-reduction of metal salt synthetic methods, this is a
cost effective and more environmentally friendly method. In perspective, the truly atomically
intermixed nanoalloys without any organic contaminants could bring up new chemistry and
physics to the fields such as catalysis, plasmonics, biosensors, etc.

CHAPTER 5
HIGHLY ACTIVE NON-PGM CATALYSTS PREPARED FROM METAL ORGANIC
FRAMEWORKS
5.1 Introduction
Polymer electrolyte membrane fuel cells are the future powertrain for automotive
applications due to their high power density, relatively quick start-up, high efficiency, and
emission of only water from the vehicle192-196. However, the cathodic oxygen reduction reaction
(ORR) kinetics are significantly slower than the anodic hydrogen oxidation reaction197 therefore
requiring more catalyst. To date, the preferred electrocatalysts are platinum or platinum group
metals (PGMs), which contribute a significant fraction to the overall fuel cell stack cost196. In
order for widespread commercialization to take place, technological advancements in cathode
catalyst are required, including decreased cost while increasing performance and durability.
The discovery of ORR activity in cobalt phthalocyanine66 nearly 50 years ago inspired
the search for non-PGM ORR electrocatalysts using nitrogen-group chelated transition metal
complexes, such as metallated phthalocyanines, porphyrins and their analogues, as the
precursors of preparing transition metal/nitrogen/carbon (TM/Nx/C) catalysts activated via
pyrolysis. These precursors typically have square-planar configuration and frequently require
high-surface-area substrates such as amorphous carbons onto which they are supported and
dispersed. Using an inert support dilutes the volumetric and gravimetric densities of the possible
This chapter was previously published as Barkholtz, H. M.; Chong, L.; Kaiser, Z. B.; Xu, T.; and
Liu, D. J. Catalysts 2015, 5, 955-965. It is reprinted with permission of the Multidisciplinary
Digital Publishing Institute.
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active sites, limiting the potential of producing highly efficient catalyst. At Argonne National
Laboratory, we pioneered the use of zeolitic imidazolate frameworks (ZIFs), a subclass of metalorganic frameworks (MOFs), as precursor templates to prepare ORR electroactive catalysts58.
MOFs are porous materials comprised organic ligands coordinated to transition metal ions71,198.
Recently, research surrounding the chemistry and diverse applications of MOF-based materials
has experienced tremendous growth199-202. For instance, Proietti et. al. demonstrated that the
addition of iron precursors with a Zn-ZIF can give superior fuel cell performance59. Since then,
several binary ZIF or transition metal doped ZIF systems have been explored as precursors for
highly active ORR electrocatalysts61-63,65. For example, we reported an all solid-state one-pot
synthesis technique to prepare ZIF based electrocatalysts that demonstrated impressive ORR
activity measured by both rotating disk electrode (RDE) and membrane electrode assembly
(MEA) in a fuel cell63.
Our recent study suggests that the catalytic performance of ZIF-based catalysts is very
sensitive to the synthesis and processing conditions. In this report, we describe the impact of
electrocatalyst processing and MEA fabrication conditions on the overall ORR activity when
tested in a single cell fuel cell. We will also discuss how different iron additives could change the
fuel cell performance while keeping all other processing parameters the same. Additionally, the
influence to fuel cell performance by the addition of small amount of carbon black at different
steps of the electrocatalyst synthesis process was investigated. Finally, the weight ratio of
Nafion® ionomer to catalyst was optimized in the MEA fabrication process. Overall, an
impressive current density of 221.9 mA cm-2 at 0.8 V was achieved.
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5.2 Materials and Methods

Commercially available reagents were used as received without further purification. Ball
milling was carried out with a Retsch PM 100 planetary ball mill. Fuel cell test stand
measurements were carried out on a Scribner 850e fuel cell test stand station using a single cell
with serpentine flow channels and a geometric electrode surface area of 5 cm2. During the test,
the cell was maintained at 80 oC and UHP grade gasses were humidified at 80 oC while
maintaining a constant flow rate of 0.3 L min-1 for H2 and 0.4 L min-1 for O2. The absolute
pressure was kept at 150 kPa.
5.2.1 One-Pot Synthesis of ZIF-Based Electrocatalyst Precursor

The one-pot synthesis of the ZIF-based electrocatalyst precursor was carried out
according to previously reported procedures63,203. Preparation of Zn(mIm)2TPI was carried out
by adding 2-methylimidazole (668.2 mg, 8 mmol, Aldrich), ZnO (323.5 mg, 4 mmol, Aldrich),
and 0.022 mol % iron in the form of 1,10-phenanthroline iron (II) perchlorate (70.5 mg, 0.09
mmol, Aldrich) together, grinding, and sealing in an autoclave under an Ar atmosphere. The
autoclave was heated to 180 oC and held for 18 hours. A pink powder was obtained and used as
described below.
When performing the comparative study, the iron precursor was changed while keeping
all other reagents the same as well as the molar percentage of iron added. Two other catalysts
were prepared, Zn(mIm)2Fe(Ac)2, and Zn(mIm)2Fe(Ac)2(Phen)6. Using
Zn(mIm)2Fe(Ac)2(Phen)6 as an example, the catalyst was prepared by adding 2-methylimidazole
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(668.2mg, 8 mmol, Aldrich), ZnO (323.5 mg, 4 mmol, Aldrich), iron (II) acetate (15.6 mg, 0.09
mmol, Aldrich), and 1, 10-phenanthroline (97.3 mg, 0.05 mmol, Aldrich) together, grinding, and
sealing in an autoclave under Ar atmosphere. Heating profiles were not changed from what is
described above.
5.2.2 Preparation of Electrocatalyst
Pyrolysis of ZIF-based electrocatalyst precursor was carried out by placing about 250 mg
of ball milled Zn(mIm)2TPI into a ceramic boat and inserting it into a quartz tube (2 inch
diameter). The tube was sealed and purged with Ar for one hour before it was heated to 1050 oC
and held for one hour under flowing Ar atmosphere. The pyrolyzed sample was then acid washed
in 0.5 M H2SO4 via sonication for 30 min. then continuously agitated for 16 hours at room
temperature. The sample was then washed with water until neutral and dried in a vacuum oven at
40 oC. The sample was then pyrolyzed again at 750 oC for 30 min. under flowing NH3
atmosphere to give the final product.
When electrocatalysts with Ketjen Black additive were prepared, 10 wt% Ketjen Black
was added during either at the ball mill step or after the acid wash and before NH3 thermal
activation. As an example, the preparation is given below for Zn(mIm)2TPI-10-AW, where
Ketjen Black (4 mg, EC-300J, Azko Nobel) was added to the electrocatalyst (33.1 mg) after acid
wash but before NH3 thermal activation. The sample was dispersed in isopropyl alcohol via
sonication for 30 min. the dried in a vacuum oven. Once dry, the prepared Zn(mIm)2TPI-10-AW
sample was thermally activated at 750 oC for 30 min. under NH3 flow per usual.
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5.2.3 Single Fuel Cell Test
5.2.3.1 Preparation of Cathode

An ink solution was prepared for the molar ratio of 0.7:1 ionomer to catalyst by
combining Zn(mIm)2TPI (25 mg) with Nafion® (350 mg, 5 wt% solution, Aldrich), isopropyl
alcohol (890 μL), and water (350 μL). The ink solution was sonicated for 30 min. and constantly
agitated for 16 hrs. at room temperature before it was painted onto carbon paper (5 cm2, Fuel
Cells Etc., Sigracet 25 BC) to create the cathode, which was dried in a vacuum over at 40 oC for
two hours. The catalyst loading for all the tests was approximately 3.5 – 4.0 mg cm-2.
5.2.3.2 Preparation of Anode
An ink solution was prepared by combining Pt/C (10 mg, 40 wt% of Pt, E-TEK), Nafion®
(80 mg, 5 wt% solution, Aldrich), isopropyl alcohol (205 μL), and water (80 μL). This ink
solution was solicited for 30 min. and constantly agitated for 16 hrs. at room temperature before
it was painted onto carbon paper (5 cm2, Fuel Cells Etc., Sigracet 25 BC) to create the anode,
which was dried in a vacuum oven at 40 oC for 2 hours. The Pt loading for all tests was
approximately 0.4 mg/cm2.
5.2.3.3 Preparation of Membrane Electrode Assembly
The prepared cathode and anode were hot pressed on either side of a Nafion® N211
membrane (DuPont) at 120 oC for 30 sec. using a pressure of 5.4 x 106 Pa, the pressure was then
increased to 1.1 x 107 Pa and held for an additional 30 sec. Pressure values were calculated
assuming that the load is evenly applied to the 5 cm2 electrode.
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5.2.3.4 Fuel Cell Activity Test

Fuel cell activity tests were carried out by placing the prepared MEA into a single cell. Data
was gathered by a Scribner 850e fuel cell test stand. A polarization curve was recorded by
scanning from open circuit potential (OCV) to 750 mV at 10 mA s−1 then from 750 mV to 200
mV at 50 mV s−1. The area current density, IA, was recorded directly from the polarization
measurement. Cell impedance was measured by the current interrupt method installed in the fuel
cell test stand.
5.3 Results and Discussion
5.3.1 Influence of Catalyst Activity by Fe Complex in Precursor
The general procedures for “one-pot” synthesis have been published previously in detail63. As a
continuation of this study, we investigated the influence of iron precursor and its chelating
chemistry to the solid state synthesis and the resulting catalyst performance. In this report, three
combinations of iron complexes and organic ligand were applied. They were iron (II) acetate
(Fe(Ac)2), tris-1,10-phenanthroline iron (II) perchlorate (TPI) and a combination of iron (II)
acetate and 1,10-phenanthroline (Phen) with molar ratio 1:6 (Fe(Ac)2(Phen)6). For ZIF-8, we
used its molecular formula as Zn(mIm)2. The catalyst samples were labeled based on their iron
complex and ligand combinations in the Zn(mIm)2 precursor synthesis before the thermal
activation. For example, Zn(mIm)2Fe(Ac)2, represents adding iron acetate directly into mixture
for solid state synthesis for Zn(mIm)2. Similarly, Zn(mIm)2TPI and Zn(mIm)2Fe(Ac)2(Phen)6
represent adding TPI and Fe(Ac)2/Phen at 1/6 in the mixtures for solid state synthesis for
Zn(mIm)2, respectively. All electrocatalysts underwent normal thermal activation and
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fabricated into the cathode of MEAs. The current-voltage polarization and power density curves
of the fuel cell tests are shown in Figures 5.1a and b, respectively. Several key catalyst
performance parameters in MEA/fuel cell tests are given by Table 5.1. It is easily seen that the
addition of TPI gave the best overall fuel cell performance. Replacing TPI with Fe(Ac)2 resulted
in a 2.5 fold decrease in power density as well as a 3.4 fold decrease in the current density at 0.8
V. Adding in 1,10-phenanthroline as well as iron (II) acetate improved the performance from
Fe(Ac)2 but was not equivalent to TPI.
We speculate that the Fe-ligand coordination strength plays a very important role in
overall electrocatalytic performance. If the iron precursor is able to undergo metal ion exchange
with ZIF-8, previous studies have shown that there will be a decrease in fuel cell performance60.
During the one-pot synthesis, Fe(Ac)2 could be readily dissolved into the liquefied imidazole and
water (produced through reaction with zinc oxide) into Fe+2 and Ac-. The ionic iron(II) could be
incorporated into ZIF framework in the place of Zn+2. On the other hand, Fe+2 is tightly chelated
by six nitrogens from three phenanthroline in an octahedral configuration and will not readily
undergo ion exchange with Zn in Zn(mIm)260. With significant amounts of Phen present in the
iron acetate, imidazole and zinc oxide mixture, it is possible that a certain fraction of Fe+2 could
ligate with Phen through iron (II) – N bond, as suggested by the previous study59. It is difficult,
however, to expect that Fe+2 will react exclusively with Phen in the presence of excessive
amount of imidazole. The consumption of a fraction of available iron (II) to form Fe-Phen
intermediate while the other Fe+2 ions chelate with imidazoles as part of ZIF framework may
explain the trend seen in Figure 5.1. Additionally, it generally accepted that the surface area is
an important factor determining fuel cell performance204. The Brunauer–Emmett–Teller (BET)
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surface areas of all three samples are also given in Table 5.1. As is shown by the Table, there is a
direct correlation between the surface area of the starting material and the overall fuel cell
performance. Iron additives in the form of Fe(Ac)2 produced the lowest surface area
electrocatalysts therefore the lowest activity, among all three catalysts studied. When Phen was
added in addition to Fe(Ac)2, there was a 62.3% increase in precursor surface area,
corresponding to a 52.7% increase in the current density at 0.8 ViR-free.
5.3.2 Influence of Adding Carbon Black to MEA Performance

High temperature activation of ZIF-based precursor converts individual imidazole
molecules to graphitic carbon. Such process often generates incomplete conversion205, resulting
in low electro-conductance of the catalyst and subsequent MEA formed205. Mixing a small
quantity of carbon black into the heat-activated catalyst could potentially mitigate such
impedance issue. On the other hand, addition of catalytically inert carbon will dilute the ZIFbased catalyst density therefore could cause the loss of volumetric and areal specific activities. In
this experiment, we selected Ketjen Black as the carbon additive, which is a frequently used
carbon support for fuel cell catalysts206-209. Two samples were prepared with 10 wt% Ketjen
Black EC-300J added at different steps of the electrocatalyst synthesis process. For the first
sample, Ketjen Black was added during the ball milling step before thermal activation had
occurred. The sample was labeled Zn(mIm)2TPI-10-BM. The second sample was prepared where
Ketjen Black was added after the thermal activation and acid wash. The sample was labeled
Zn(mIm)2TPI-10-AW.

Table 5.1: BET Surface area and Activity with Different Iron Additives
Sample

BET Surface Area
(m2 g-1)

Current Density at 0.8 V
(mA cm-2)

Limiting Current
(A cm-2)

Power Density
(mW cm-2)

Zn(mIm)2Fe(Ac)2

264.8

64.7

0.883

241.5

Zn(mIm)2Fe(Ac)2(Phen)6

702.2

136.9

1.57

441.9

Zn(mIm)2TPI

859.3

221.9

1.86

603.3
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Figure 5.2a shows the current-voltage (iR-free) polarizations of MEAs with
Zn(mIm)2TPI-10-BM and Zn(mIm)2TPI-10-AW as the cathode catalysts, and a MEA
without Ketjen Black additive as a benchmark with measured values displayed in Figure
5.2b. As expected, the cell impedance was reduced by about ~20 % for both catalysts
containing Ketjen Black additive compared to the benchmark, as is shown in Figure 5.2c,
with Zn(mIm)2TPI-10-AW having the lowest overall impedance. However, the internal
impedance corrected (iR-free) polarizations (Figure 5.2a) show that Zn(mIm)2TPI has the
highest fuel cell specific current density among all the samples, suggesting that addition
of Ketjen Black causes the dilution of the active site thereby the reduction of overall
activity even at merely 10 wt% loading. Between Zn(mIm)2TPI-10-BM and
Zn(mIm)2TPI-10-AW, the latter demonstrates better specific current density at any given
cell voltage. Even though both samples contain same amount of Ketjen Black, the
amorphous carbon in Zn(mIm)2TPI-10-BM had been subjected to a heat treatment at >
1000 °C. Under such temperature, the carbon black would undergo the phase
transformation from amorphous to graphitic carbon, accompanied by loss of porosity,
volume and surface area. In contrast, Ketjen Black in Zn(mIm)2TPI-10-AW was added
after the high temperature treatment but before the ammonia treatment at 750 °C. The
carbon black was still highly porous and more reactive with NH3 for additional active site
formation compared to that in Zn(mIm)2TPI-10-BM. Higher catalytic activity is therefore
expected. For practical application, the current-voltage polarization without impedance
correction represents actual fuel cell performance. Such polarization represents the
balance between the electrode catalyst activity and electron/proton conductivities. To this
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point, the fuel cell with Zn(mIm)2TPI-10-AW at the cathode offers slightly less desirable
performance than Zn(mIm)2TPI at V > 0.6 V and slightly better current density at V < 0.6
V, see Figure 5.2b. The cell with Zn(mIm)2TPI-10-BM, however, was inferior in the
entire operating region.
5.3.3 MEA Fabrication Optimization

Although the rotating disk electrode (RDE) is the most commonly used method
for activity measurements, the electrode catalyst ultimately needs to be measured at
MEA/single fuel cell levels since they mostly resemble the operating conditions in a
commercial fuel cell stack. Some of the crucial catalyst performance attributes, such as
available catalyst area, mass/charge transport efficiencies, triple-phase boundary
exposure, etc., will not be properly measured by RDE even though they play extremely
important roles in controlling the fuel cell current and power densities. One of the key
process parameters for MEA fabrication is the weight ratio between the Nafion® ionomer
and the catalyst. Correct balance between the use and intermixing of ionomer and catalyst
could result in optimal exposure of the catalytic active sites and effective proton/electron
transfers as well as oxygen and water transports to and from the catalytic sites. This is, in
fact, particularly important for our ZIF-derived non-PGM catalysts since their active sites
are believed to be uniformly decorated throughout the catalyst surface. We have
conducted a series of experiments in MEA optimization by preparing the catalytic ink
containing different amount of ionomer and catalyst. The preparation of a cathode
catalyst ink includes mixing 5 wt% Nafion®, isopropyl alcohol, water, and thermally
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Figure 5.2: Fuel cell activity results for Ketjen Black additives. (a) Polarization
curves from Ketjen Black additives and a control sample without any Ketjen Black.
(b) Cell impedance curves corresponding to polarization curves shown in (a).
Conditions: PO2 = PH2 = 1 bar (back pressure = 7.3 psig) fully humidified; T = 80
°C; N211 membrane; 5 cm2 MEA; cathode catalyst = 3.5~4 mg/cm2, anode catalyst
= 0.4 mgPt/cm2.
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activated catalyst. In this experiment, three dry weight ratios between ionomer to the catalyst
were applied, from 0.5:1 to 0.9:1.
When optimizing ionomer to catalyst ratios for the ink, it was demonstrated by Figure 5.3
that 0.7:1 was the optimal ratio to producing the best performing MEA tested in fuel cell. Also
noted is that when the ionomer to catalyst ratio was decreased below 0.7:1 to 0.5:1, there was a
more discernible drop of cell voltage in both ohmic and limiting-current regions, presumably due
to the lack of ion transport caused by insufficient Nafion®. When the ionomer to catalyst ratio
was increased to 0.9:1, there was also an 18.4 % decrease in single cell performance at 0.8 ViRfree.

This decrease in fuel cell performance may be attributed to excess Nafion® present, clogging

the electrocatalyst pores and the electrochemically active surface area, preventing the access of
the gas phase oxygen.
Our study shows that significant improvements in cathodic electrocatalyst performance
can be achieved when synthesis, processing, and fabrication parameters are optimized. We found
that iron complex with six-N coordination such as 1,10-phenanthroline iron (II) perchlorate
could provide excellent catalytic activity and overall single cell performance. Amorphous carbon
such as Ketjen Black was also added at different steps of catalyst preparation to reduce the cell
impedance. However, such addition also dilutes the catalytically active sites and thereby reduced
the fuel cell performance. Finally, different Nafion® to catalyst ratios were used to improve the
cathode ink formulation before MEA fabrication was performed. These improvements at both
catalyst and MEA levels have yielded impressive ORR activity when tested in a fuel cell system,
moving towards the performance targets set by U.S. DOE for the automotive application.

CHAPTER 6
NON-PRECIOUS METAL CATALYSTS PREPARED BY ZEOLITIC IMIDAZOLATE
FRAMEWORKS: THE LIGAND INFLUENCE TO MORPHOLOGY AND PERFORMANCE
6.1 Introduction
Finding inexpensive alternatives for the platinum group metals (PGMs) has been the
ultimate goal for proton exchange membrane fuel cell (PEMFC) catalyst research. Since the
electrode/catalyst materials contribute nearly half of a fuel cell stack cost, there is an urgent need
to reduce or replace PGM usage.196 Among all non-PGM candidates explored thus far, transition
metal doped nitrogen-carbon (TM-N-C) composites appear to be most promising.58-64,210
Generally, these materials are prepared by forming TM-Nx molecular complexes over an
amorphous carbon support, followed by thermal activation.206-209 Compared to platinum, the
active site densities of non-PGM catalysts must be substantially higher to deliver a comparable
performance.211 Using a carbon support dilutes the active site density therefore lowing the
overall catalytic activity.210 New approaches that could circumvent such limitations include the
use of self-supported catalyst precursors such as metal-organic framework (MOF) and porous
organic polymer (POP).58,60,63,65,210,212,213 Synthesis of these precursors has been perceived as
tedious and costly, due to the involvement of multiple reaction steps and the use of chemicals for
purification and separation. Recently, we developed a new “one-pot” solid-state synthesis
method of preparing ZIF-based (a subclass of MOF) catalysts for the oxygen reduction reaction
(ORR).63 This new approach not only simplifies the preparation method of ZIF-based

This chapter was submitted to Fuel Cells in 2016.
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electrocatalysts, rendering it suitable for large scale production at very low cost, but also paves
the way for exploring ZIFs with a variety of ligands to continuously improve the catalytic
activity.
Through the preparation of ZIF-based non-PGM catalyst, we found that the structure of
imidazole ligand in ZIFs could have a significant impact to the final catalyst morphology and
activity. Specifically, major differences were found when an alkyl group was substituted to the
imidazole ring at the 2-position. In this study, we compare the morphology and catalytic activity
between the catalysts derived from ZIF containing imidazole and 2-methylimidazole.
6.2 Materials and Methods
6.2.1 One-Pot Synthesis of Precursors and Catalysts
The “one-pot” approach is based on the solid-state synthesis of ZIFs, in which ZnO was
mixed with N-containing imidazole ligands and react directly to yield ZIFs with only water as
the by-product. Two ZIFs were prepared containing the ligands imidazole (HIm) and 2methylimidazole (HmIm). The molar ratio between the imidazole ligand and ZnO was kept
slightly higher than 2:1. The corresponding ZIFs are named as Zn(Im)2 and Zn(mIm)2,
respectively. The electrocatalyst precursors were obtained similarly, by adding 5 wt.% of
organometallic iron compound, 1,10-phenanthroline iron (II) perchlorate (TPI) in the mixture of
ligand and ZnO. The one-pot synthesized precursors thus obtained were named as
Zn(ligand)2TPI where ligand = imidazole (Im) or methyl imidazole (mIm) Take Zn(Im)2TPI for
example: imidazole, ZnO, and TPI were combined, ground, and sealed in an autoclave under Ar
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atmosphere. The mixture was heated at 180 oC for 18 hr. The product was obtained as uniform
pink powder.
The synthesized Zn(ligand)2TPI was first ball milled then weighed in a ceramic boat and
placed in a quartz tube. The tube was sealed and purged with Ar for 1 hr. before it was heated to
1050 oC for 30 min. under constant Ar flow. The pyrolyzed sample was sonicated in H2SO4 for
one hour and continuously agitated at room temperature for 18 hr. The acid-washed sample was
then washed with distilled water until it reached a neutral pH. After thoroughly drying in a
vacuum oven, the sample was once again heat-treated at elevated temperature under flowing NH3
to produce the final product. The catalysts after these treatments are labelled as Zn(ligand)2TPIP.
6.2.2 Catalyst Characterizations and Activity Measurement
The catalysts and their corresponding precursors were characterized using powder X-ray
diffraction (XRD), scanning electron microscopy (SEM), transmission electron microscopy
(TEM), laser Raman spectroscopy and nitrogen sorption isotherms at 77 K.
The ORR catalytic activity was studied using rotating ring-disk electrode (RRDE)
experiments on an electrochemical workstation (CH Instruments 760D). The electrolyte was 0.1
M HClO4 and was contained in a three compartment glass cell. The reference electrode was a
Hg/HgSO4 electrode filled with 0.5 M H2SO4 and a gold wire was used as the counter electrode
to avoid potential contamination by Pt. A glassy carbon (GC) ring-disk electrode with a Pt ring
was used as the working electrode. The catalyst ink was prepared by mixing the activated
Zn(ligand)2TPIP with 5 wt.% Nafion® and diluted by methanol. The ink then was pipetted onto
the GC and allowed to dry in the air, resulting in a catalyst loading of ca. 0.4 mg cm-2.
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Experiments were conducted at room temperature and atmospheric pressure using UHP gasses.
The electrolyte was purged with each gas for at least 30 min. before the tests and the gas flow
was maintained over the solution during the experiments. Capacitive background current was
first recorded in the Ar-purged electrolyte using the potential sweep from 0 V to 1.0 V (vs. RHE)
as a scan rate of 10 mv s-1. The electrolyte was subsequently purged with O2, followed by
cathodic linear sweep voltammetry (CLSV) as the same scan rate (10 mV s-1) for ORR activity
testing. The ring potential was set at 1.24 V (vs. RHE) at a disk rotation speed of 1600 rpm.
Membrane electrode assemblies (MEAs) were prepared by hot-pressing a pre-painted
anode and cathode at each side of a Nafion® 211 membrane at 120 oC for 1 min. under a load of
540 kg. The cathodes were prepared by painting inks consisting of activated Zn(ligand)2TPIP
mixed with Nafion® ionomer, isopropanol, and water over a 5 cm2 carbon paper. After solvent
removal, the catalyst loading for all tests was around 3.5 mg cm-2. The anode was made by
painting inks consisting of 40 wt.% Pt/C mixed with Nafion® ionomer, isopropanol, and water
over 5 cm2 carbon paper. After removal of the solvent under vacuum at 40 oC for 2 hours, the Pt
loading was typically 0.3 mg cm-2. The fuel cell tests were carried out on a fuel cell test station
(Scribner 850e) using a single cell with serpentine flow channels with 5 cm2 electrode surface
area. Ultrahigh purity grade gasses were used. During the test, the cell temperature was
maintained at 80 oC. Gasses were fully humidified at 80 oC and were kept at a constant flow rate
of 0.2 and 0.2 L min-1 for H2 and O2, respectively. The backpressure was set to 0.5 bar for both
the anode and cathode. A polarization curve was recorded by scanning the cell current from open
circuit voltage (OCV) to 200 mV at a scan rate of 10 mV sec-1. The areal current density, IA, was
measured directly under the linear polarization of cell voltage.
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6.3 Results and Discussion
6.3.1 Structural Properties of ZIF-Based Catalysts
Various chemical and physical characterizations were carried out to study the surface
property and morphology of Zn(ligand)2TPI – based electrocatalysts. We first investigated the
powder X-ray diffraction patterns of one-pot synthesized Zn(lm)2TPI and Zn(mlm)2TPI and
found that they matched perfectly to the simulated XRD patterns of Zn(lm)2 and Zn(mlm)2
(Figure 6.1a and b, bottom lines),63 suggesting that a) one-pot synthesis has completely
converted the imidazole ligand and zinc oxide to ZIFs and b) doping 5% of TPI did not alter ZIF
crystallization. After ball-milling, however, the difference between the two ZIF systems,
Zn(ligand)2TPI BM, became apparent. Only minor line broadening was observed for ball-milled
imidazolate ZIF, Zn(lm)2TPI BM, indicating limited reduction of crystallite size through
grinding (Figure 6.1a, middle line). In contrast, XRD lines in Zn(mlm)2TPI BM were
significantly broadened to the point that no individual line other than a broad profile could be
seen (Figure 6.1b, middle line). The difference between the two may be simply because the latter
is more porous with larger cavities. Upon grinding, Zn(mIm)2TPI is more fragile and easy to be
crushed to very small crystallites. Another major difference between the two systems is their
XRD patterns after pyrolysis. Both Zn(lm)2TPIP and Zn(mlm)2TPIP showed broad carbon peaks
and the disappearance of original ZIF signatures, which was anticipated due to the conversion of
organic ligands to amorphous carbon. However, a strong graphitic peak and FeN3 peaks were
observed in Zn(lm)2TPIP (Figure 6.1a top line), indicating higher degree of graphitization and
nitride formation occurred. This was, in fact, only observed when imidazole was used as ligand.
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When an alkyl group such as methyl was substituted to the imidazole ring carbon at the 2
position, graphite and nitride peaks were not observed (Figure 6.1b, top line).
Solid-State Raman Spectroscopy was also used to study the disorder and defects present
in Zn(lm)2TPIP and Zn(mlm)2TPIP (Figure 6.2). The D band represents disorder in the graphitic
sheets and the G band represents graphite. Clearly, stronger G bands were observed in
Zn(lm)2TPIP, suggesting a higher level of graphitization.
The difference between the natures of the carbons in both catalysts can also be found in
their morphologies by SEM and TEM methods. Figure 6.3a and b show the SEM images of
Zn(lm)2TPIP and Zn(mlm)2TPIP, respectively. While Figure 6.3a shows a mixture of tubular
and microcrystalline carbons, Figure 6.3b demonstrates more uniform porous carbon
morphology. This observation was further confirmed by the TEM results shown in Figure 6.3c
and d. The presence of carbon nanotubes was clearly identified in Zn(lm)2TPIP whereas a
uniform “foam-like” structure was observed for Zn(mlm)2TPIP. Such observation is consistent
with XRD and Raman results. Carbon nanotubes represent a highly graphitic form of carbon
which contributes to the graphitic features of Zn(lm)2TPIP in XRD and Raman spectrum. The
carbon in Zn(mlm)2TPIP, on the other hand, was more amorphous, as seen in Figure 6.1b and
Figure 6.2.
The surface properties of Zn(lm)2TPIP and Zn(mlm)2TPIP were investigated using N2
adsorption isotherms at 77 K. Figure 6.4a and 6.4b shows the nitrogen uptakes and pore size
distributions of Zn(lm)2TPIP and Zn(mlm)2TPIP. The catalyst surface area and pore size are
considered two important factors associated with the ORR catalyst performance. The catalyst
Zn(mIm)2TPIP, for example, has BET surface area of 1270 m2 g-1 whereas Zn(Im)2TPIP has
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Figure 6.2: Solid state Raman spectroscopies of Zn(Im)2TPIP and Zn(mIm)2TPIP.
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Figure 6.3: SEM and TEM imaging. SEM images of (a) Zn(Im)2TPIP and (b) Zn(mIm)2TPIP;
TEM images of (c) Zn(Im)2TPIP and (d) Zn(mIm)2TPIP.
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surface area of 443 m2 g-1, as are listed in Table 6.1. Both catalysts possess high fractions of
micropore volume (Figure 6.4b), which are calculated based on the NLDFT model using the
nitrogen isotherms produced from Figure 6.4a. The catalyst with high specific surface area and
concentrated micropore volume not only tends to generate higher catalytic activity at high cell
voltage, but also tends to display enhanced mass transport properties thus increased current
densities at low voltages in fuel cell testing. This can be attributed to fact that the active sites are
evenly distributed throughout the catalyst using ZIF based approach. Increasing both the surface
area and the porosity of ZIF-based non-PGM electrocatalysts represents a viable method to
enhance the amount of available active sites at the ionomer-catalyst-reactant triple-phase
boundary therefore overall ORR activity.
6.3.2 Evaluation of Catalytic Activities by RRDE and Fuel Cell
The ORR activity of the catalysts was measured using RRDE. Figure 6.5a shows CLSVs
of both Zn(mIm)2TPIP and Zn(Im)2TPIP tested in oxygen saturated 0.1 M HClO4 solution. The
onset potentials (Eo, measured as mass activity of 0.06 A g-1) and half-wave potentials (E1/2)
obtained from RRDE measurements are listed in Table 1. Zn(mIm)2TPIP exhibits prominent
ORR catalytic activity with an onset potential of 0.91 V (vs. RHE) and half-wave potential of
0.785 V. Zn(Im)2TPIP also showed good activity although the onset and halfwave potential were
lower than Zn(mIm)2TPIP. The simultaneous measurement of disk current Id and ring current Ir
enabled the calculation of the number of electrons transferred, n, at different polarization
potentials using Eq. (6.1):
n = 4Id/(Id + Ir/N)

(6.1)

Figure 6.4: Adsorption – desorption isotherms and pore size distribution. (a) Nitrogen adsorption isotherms measures
Figure 6.4: Adsorption – desorption isotherms and pore size distribution. (a) Nitrogen adsorption isotherms measures for
for Zn(mIm)2TPIP and Zn(Im)2TPIP at 77k (solid symbol – adsorption, open symbol – desorption); (b) pore size
Zn(mIm)2TPIP and Zn(Im)2TPIP at 77k (solid symbol – adsorption, open symbol – desorption); (b) pore size distribution of
distribution
of Zn(mIm)2TPIP and Zn(Im)2TPIP derived from BET isotherm measurement.
Zn(mIm)2TPIP and Zn(Im)
2TPIP derived from BET isotherm measurement.
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Figure 6.5: RRDE results. (a) current densities measures over linear potential voltage sweep by RRDE methods; (b) the number of
number
electrons transferred
different polarization
electronsoftransferred
at differentatpolarization
potentials potentials.
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Figure 6.6: The single fuel cell current-voltage polarizations. (a) Comparison of fuel cell Tafel plot between Zn(Im)2TPIP (red circle)
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where N is the ring collection efficiency (37% in this experiment). Figure 6.5b shows the number
of electrons transferred for both Zn(mIm)2TPIP and Zn(Im)2TPIP as the function of polarization
voltage. Zn(mIm)2TPIP demonstrated electron transfer numbers ranging from 3.96 - 3.85, which
is close to the optimal 4.0 of a complete reduction of oxygen to water. Zn(Im)2TPIP, on the
other hand, has electron transfer numbers ranging from 3.73 – 3.85, representing less efficient
oxygen reduction compared to Zn(mIm)2TPIP.
The ORR activities of these ZIF-derived catalysts were further evaluated through MEA/single
fuel cell tests. Although RRDE method is commonly employed to display ORR activity,
catalysts must be ultimately demonstrated in fuel cell tests under the operating conditions
resembling to a commercial fuel cell stack. Figure 6.6a shows a Tafel plot of
Zn(mIm)2TPIP and Zn(Im)2TPIP derived from the corresponding current-voltage polarization
(Figure 6.6b) after the internal resistance correction. In fuel cell, the performance of
Zn(Im)2TPIP and Zn(mIm)2TPIP catalysts are shown to be starkly different with Zn(mIm)2TPIP
having significantly higher open circuit potential, areal current density, and power density. In
fuel cell testing, Zn(Im)2TPIP had an OCV of 0.906 V, a current density of 15.6 mA cm-2 at 0.8
ViR-free as well as a limiting current density of 0.389 A cm-2 at 0.2 V. Additionally, a power
density of 57.0 mW cm-2 was recorded at 0.6 V and a 76.0 mW cm-2 peak power density.
Zn(mIm)2TPIP, on the other hand, had a much better performance with an OCV of 0.983 V, a
current density of 240.7 mA cm-2 at 0.8 ViR-free and a limiting current density of 2.40 A cm-2 at
0.2 V. Zn(mIm)2TPIP also reached a power density of 517.9 mW cm-2 at 0.6 V and a peak power
density of 668.8 mW cm-2, making the Zn(mIm)2TPIP one of the best non-PGM catalysts
reported to date.
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6.3.3 Hypothesis on the Influence to Catalytic Activity by Ligand Structure
Our investigation clearly indicates a strong influence to the catalyst activity and surface
property by the type of the organic ligand used for ZIF precursor synthesis. Specifically, when a
methyl group is substituted to the imidazole ring, the catalyst formed after pyrolysis has
significantly higher surface area, more uniform morphology, and less graphitic carbon and
nitride formations. This effect, in fact, was also observed when other alkyl function groups were
used even the initial ZIFs have nearly zero surface area.63 High catalyst surface area and
uniform morphology clearly affect the catalyst performance. To understand how the organic
ligand influences the catalyst morphology and active site formation requires a comprehensive
mechanistic study which is beyond the scope of the current investigation. We could, however,
offer the following simple hypothesis: The high temperature pyrolysis of MOF/ZIF converts the
organic ligand into carbon. Ideally, one would prefer the rearrangement of organics to carbon
within each aromatic ring with minimum scrambling of framework and disruption of uniformity.
Graphitization of imidazole requires the conversion of a five-member to a six-member aromatic
ring assuming nitrogen being retained. Without any alkyl group attached to imidazole ring, some
imidazole molecules have to be decomposed to smaller fragments to participate the ring
formation of others. In the presence of iron microcrystallites produced from TPI at elevated
temperature, the smaller fragments could also be catalyzed to grow the carbon nanotube
following the known mechanism.214-216 This could explain why higher graphitization was found
by XRD and Raman and images of carbon nanotubes were observed by SEM/TEM in
Zn(Im)2TPIP catalyst. When an alkyl group such as methyl is substituted on the imidazole ring,
it could participate the isomerization and rearrangement during the pyrolysis, therefore reducing
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the degree of ring decomposition. As a result, the pyrolyzed ZIF retains better uniformity and
porosity.
In conclusion, two ZIF derived non-PGM catalysts, Zn(Im)2TPIP and Zn(mIm)2TPIP ,
were prepared by a “one-pot” synthesis. The surface and structural properties were investigated
using different characterization tools and electrocatalytic activities were examined at both RRDE
and fuel cell levels. Significant differences in structural properties were found between the two
catalysts; presumably due to the influence of alkyl group to carbon formation during pyrolysis.
The surface property has a significant impact on the catalyst performance toward ORR, with
more uniform and less graphitized Zn(mIm)2TPIP significantly outperformed Zn(Im)2TPIP in
RRDE and fuel cell tests.

CHAPTER 7
NON-PGM ORR CATALYST WITH TAILORED SURFACE AREA AND POROSITY FOR
HIGH FUEL CELL ACTIVITY
7.1 Introduction
Proton-exchange membrane fuel cell (PEMFCs) technology is a promising candidate for
future clean energy applications but large-scale commercialization hinders on electrode cost.196
Finding inexpensive alternatives to state of the art platinum group metal (PGM) electrode
catalysts is a major focus area for PEMFC researchers. Recent efforts have afforded significant
progress in non-PGM synthesis, PEMFC performance optimization, and elucidation of the ORR
mechanism.58,59,61-64,76,197,206-210 Among all non-PGM candidates, high surface area and supportfree transition metal and nitrogen-doped carbon (TM-N-C) composite materials are the most
promising.58,59,61-64,76,210 Generally these materials are prepared through pyrolysis of metalorganic frameworks (MOFs) which results in a uniform distribution and high density of active
sites throughout the catalyst. Many PGM or non-PGM catalysts achieve high surface area
through the addition of a support material.206,207,209,217 Typically, support materials are inert or
have limited ORR activity, which does not appreciably contribute to ORR activity. The Fe-N-C
catalysts prepared from MOF materials are self-supporting, meaning the catalytic material has
intrinsically high surface area with active sites spread evenly throughout the entire catalyst. This
results in greater active site density than supported catalysts, which is believed to assist in
achieving ORR activities nearing that of PGM benchmarks as there are simply more active sites
to catalyze ORR, boosting activity.59,64,210
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In TM-N-C non-PGM catalysts, the active site(s) are believed to be comprised of FeN4 or
FeN2+2 moieties covalently embedded within a π-conjugated carbon matrix.218-221 The MOF
serves as a microporous host for even dispersion of transition metal macrocycles from which the
transition metal ion transformed into the active site. Additionally, the MOF provides a high
surface area and porous precursor material for generating the nitrogen doped carbon matrix
during high temperature activation. Even after ball milling and pyrolysis, the surface area and
porosity of the parent MOF compound is typically preserved.222 This provides a unique
opportunity to customize the available ORR active sites through modification of the catalyst
surface structures. Tailoring catalyst surface morphology and porosity serves to expose
previously inaccessible active sites to reactants/products, thus improving overall active site
density and participation in ORR. Highly ORR active carbonaceous electrocatalyst materials
often include a final high temperature NH3 activation step.59,60,62,63,221,223-225 The effect of high
temperature NH3 environments resulting in gasification of surface carbons is a well-known
phenomenon.226 Judicious removal of surface carbon structures may reveal underlying porosity,
allowing for enhanced 3D porous network connectivity and active site accessibility to reactant
gasses. While alternative mechanisms of surface area and porosity control exist, the NH3
activation step is an easy method to control the carbonaceous material surface structures.
In this work, we report a simple method to control non-PGM electrocatalyst surface area
and porosity through the duration of exposure to high temperature NH3 atmosphere. Resulting
materials show a strong dependence on time spent and BET surface area, NLDFT calculated
surface area and volume in pores, and subsequent single fuel cell ORR activity at matrices such
as current density at 0.8 ViR-free, power density at 0.6 Vmeasured, and limiting current density.
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Optimization of this MOF derived non-PGM electrocatalyst system has broad implications for
any high surface area and porous carbonaceous catalyst system, as fine tuning the surface
structures and morphology represent and easy way to alter resulting ORR activity.
7.2 Materials and Methods
7.2.1 Materials
ZIF-8 crystals were prepared through a combination of methanol, 2-methylimidazole, and
Zn(NO3)2 ∙ 6 H2O which were all purchased from Aldrich and used without any additional
processing. Membrane electrode assemblies (MEAs) were constructed using Nafion® N211
membrane purchased from DuPont and used without any further modification. Gas diffusion
layers consisted of 25 BC Sigracet carbon paper purchased from Fuel Cells Etc. Anodic
electrodes were prepared using commercial Pt/C (40 wt% on C) from E-TEK. The 5 wt% Nafion
in assorted alcohols as well as isopropyl alcohol was purchased from Aldrich and used for the
preparation of both the anode and cathode ink.
7.2.2 Preparation of Precursors and Electrocatalysts
ZIF-8 is synthesized according to previously published procedures.227-229 Briefly 0.02
moles of Zn(NO3)2 · 6 H2O was dissolved into 400 mL of methanol. A second solution
containing 0.2 moles of 2-methylimidazole dissolved into 400 mL of methanol was also
prepared. Both solutions were combined and stirred, prompting the formation of a white
precipitate, ZIF-8. After one hour, the precipitate was removed from solution via centrifugation
and washed with methanol. Resulting ZIF-8 crystals were placed in a vacuum oven at 40 oC until
dry.

164

Initially, electrocatalysts were thermally activated by a heat treatment at 1050 oC in inert
atmosphere. This was performed by weighing out approximately 200 mg of catalyst which had
already undergone planetary ball milling at 500 rpm for one hour. The sample was placed in a
ceramic boat and inserted into a quartz tube which was sealed and purged with Ar. After
activation, samples were acid washed with 0.5 M H2SO4 via sonication for 30 min. then constant
agitation for 18 hr. at room temperature. The resulting acid-washed sample was centrifuged out
of solution and washed with water until a neutral pH is achieved. Samples were dried in a
vacuum oven at 80 oC for four hours after which they were subjected to an additional heat
treatment at 950 oC in NH3. The acid washed sample was placed in a ceramic boat and inserted
into a quartz tube which was sealed and purged with Ar. The atmosphere was changed to NH3
and the furnace heated to 950 oC for the final activation. Time spent in the NH3 environment was
varied and correlated to changes in surface structure and fuel cell performance. The catalysts
were activated in NH3 at 950 oC for 30, 45, and 60 min. Henceforth, catalysts prepared in this
way are referred to as Zn(mIm)2TPIP_x where x = minutes spent in high temperature NH3
environment.
7.2.3 Fuel Cell Testing
Catalyst inks were prepared by dispersing 20 mg of catalyst in 340 mg of 5 wt% Nafion®
in assorted alcohols, 340 mg H2O, and 640 mg 2-propanol. The ink was sonicated for one hour
then agitated constantly for 18 hr. Resulting ink was painted directly onto 25 BC carbon paper (5
cm2) gas diffusion layer and placed in a vacuum oven at 40 oC for two hours to dry. Average
non-PGM catalyst loadings were ≈ 2.5 mg cm-2.
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Anode electrodes were prepared by dispersing 10 mg of 40 wt% Pt/C into 200 mg
Nafion® in assorted alcohols, 200 mg H2O, and 400 mg 2-propanol. The ink was sonicated for
one hour and agitated constantly for 18 hr. Resulting ink was painted directly onto 25 BC carbon
paper (5 cm2) gas diffusion layer and placed in a vacuum oven at 40 oC for two hours to dry.
Average loadings were ≈ 0.4 mgPt cm-2.
Membrane electrode assemblies were constructed by hot pressing an anode and a cathode
on either side of a Nafion® N211 membrane. Hot pressing was carried out at 120 oC at a pressure
of 1.1 x 107 Pa for 60 sec.
Fuel cell testing was performed on a Scribner 850e fuel cell test stand with hydrogen and
oxygen on the anode and cathode, respectively. All gasses were fully humidified with a
backpressure of 1 bar (7.3 psig). The cell was heated to 80 oC for all testing. Polarization curves
were collected from the open circuit voltage (OCV) to 200 mV.
7.2.4 Physical Characterization
Surface area and pore size measurements of the activated catalysts were carried out via
nitrogen adsorption techniques using a Micromeritics BET ASAP 2020 apparatus. Each catalyst
was degassed by heating to 130 oC under vacuum prior to measurement. Brunauer – Emmett –
Teller (BET) plots were determined by 100 point measurement in the range between 0 – 1 P/Po.
Pore size distribution was determined by the non-local density functional theory (NLDFT) model
of desorption data.
Transmission electron microscopy (TEM) was carried out by first forming a dispersion of
2 mg catalyst in 2 mL of 2-propanol. The carbon materials were deposited on a carbon coated
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copper TEM grid by dipping the grid into the dispersion. A FEI-CM30T analytical TEM
operated at 200 kV was used to investigate sample morphology.
7.3 Results and Discussion
We report on the outcome of a simple method to tailor surface area, porosity,
morphology, and chemical speciation of non-PGM catalysts by changing the time spent in NH3
at 950 oC as a final thermal activation step. The preparation of Fe-N/C materials from ZIF-8 has
been described in detail for several systems with and without iron additives.59,60,62,63,224,225,230-234
A common theme of these reports is that the addition of a second heat treatment in NH3 serves to
significantly boost ORR activity.59,60,62,63,224,225,231,232 While keeping all other processing
conditions the same, time spent in NH3 atmosphere is systematically investigated with a focus on
resulting surface structure and ORR activity. The changes brought on by high temperature NH3
activation include reactions with the carbon matrix as well as changes to surface groups. It is
well known that iron catalyzes NH3 decomposition at temperatures exceeding 725 oC through
Equation 1 shown below.226
2𝑥 𝐹𝑒 + 2 𝑁𝐻3 ↔ 2 𝐹𝑒𝑥 𝑁 + 3 𝐻2

(7.1)

Additionally, the formation of NH3 radicals at elevated temperatures can gasify some of the
surface carbon matrix into CH4, HCN, or C2N2.235 Combinations of the above reactions
significantly alter surface area, porosity, morphology, and chemical speciation of the resulting
catalyst as a function of the reaction time. In this work, we have chosen several high temperature
NH3 duration times to quantify and subsequently tailor surface properties to give desired ORR
activities. Three samples were prepared by first combining Zn(mIm)2 (ZIF-8) with 1,10phenanthroline iron (II) perchlorate (TPI) and ball-milling the powders to both ensure a uniform
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distribution of iron macrocycle precursor and reduce the crystallite size of the ZIF-8 microporous
host. The samples were then activated at 1050 oC in inert atmosphere to form amorphous carbon
materials, henceforth called Zn(mIm)2TPIP. Residual metal crystallites are removed by acid
washing in 0.5 M H2SO4 by sonication for 30 min. and constant agitation for 18 hr. After acid is
removed and the catalyst is neutralized and dried the samples are activated a second time in NH3
atmosphere for either 30, 45, or 60 min. Resulting catalysts are called Zn(mIm)2TPIP_x where x
represents the minutes spent in NH3 atmosphere.
After NH3 activation, surface properties were investigated using N2 adsorption isotherms
at 77 K. Figure 7.1A, B, and C show the nitrogen uptakes and pore size distributions,
respectively, of Zn(mIm)2TPIP activated at 30, 45, and 60 min. in NH3 atmosphere. Hybrid type
I/IV isotherms are present for all three catalysts, which indicate that the materials are of a
complex morphology containing mesopores (2-50 nm diameter) and micropores (< 2 nm
diameter). Each time point was repeated to yield a total of six samples, all of which are
summarized in Table 7.1. BET surface areas, reported in Table 7.1, increase with NH3 activation
time from 948.4 m2 g-1 and 949.8 m2 g-1 at 30 minutes to 1003.4 m2 g-1 and 1057.1 m2 g-1 at 45
minutes to 1060.9 m2 g-1 and 1068.9 m2 g-1 for 60 minutes. Enhancements in BET surface area
are attributed to the surface modifications/etching resulting from high temperature NH3
treatment; allowing for improved reactant/product gas accessibility throughout the catalyst. It is
well known that at high temperatures NH3 forms radicals such as NH2, NH, or H which serve to
“etch” or gasify surface carbons.235,236 Since the underlying TM-N-C material in inherently
porous in nature, gasification of surface carbon structures will reveal pores residing in the bulk of
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the material. It is therefore easy to see how NH3 activation time at elevated temperatures can
easily tailor surface area and porosity of the Zn(mIm)2TPIP catalyst.
It has previously been reported that microporous area, specifically pores with diameters
less than 20 Å, control the activity in acidic ORR environments.220 All catalysts prepared in this
work possess high fractions of micropore area and volume (Figure 7.1B and Table 7.1), which
are calculated based on the non-local density functional theory (NLDFT) model using the N2
isotherms displayed in Figure 7.1A. Zn(mIm)2TPIP_30 and Zn(mIm)2TPIP_45 possesses the
smallest detectable pore width at 5 Å. Smaller pore widths may exist for these samples, but are
undetectable via this method due to the width of N2 gas being too large to penetrate pores < 4 Å.
Pore widths below the diameter of N2 gas would also be inaccessible to O2 gasses and thus are
not useful for improving ORR activity. Etching surface carbons to reveal small diameter pores (>
4 Å) as well as pores of larger widths yields greater pore volumes which in turn increases that
catalysts accessible surface area. High temperature NH3 treatment serves to remove surface
carbons, revealing bulk porous structures and increasing accessible pore volume. Further etching
of the catalyst surface, such is observed for Zn(mIm)2TPIP_60, causes excess gasification of
surface materials and removal of active sites. Removal of active sites can be quantified through
the increasing quantity of FexN, as less Fe atoms are available to form FeN2+2 or FeN4 moieties
in the carbon matrix.
Although the presence of micropores seems to be critical for ORR activity at reasonably
high cell potentials, there also appears to be a correlation between the fractions of pore volume
existing in the mesopores (20 – 500 Å) as well. As shown in Figure 7.1C and Table 7.1, the
samples Zn(mIm)2TPIP_30 and Zn(mIm)2TPIP_60 both had mesopore volumes around 0.03 –
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0.04 cm3 g-1 (or less than 10 % of the total pore volume) while the sample Zn(mIm)2TPIP_45
had mesopore volumes around 0.11 to 0.12 cm3 g-1, representing around 20 % of the total pore
volume. In Figure 7.1 C, the volume in pores greater than 40 Å is show. From this figure, it is
observed that for Zn(mIm)2TPIP_30, larger pore widths contribute less to the volume in pores,
indicating larger pores are not accessible. This is not the case for Zn(mIm)2TPIP_45 and
Zn(mIm)2TPIP_60, where there is a larger concentration of pores with diameter around 40 nm
and 70 nm, respectively, due to gasification revealing sub-surface pores and etching them as NH3
activation time increases. Although mesopores are not directly implicated in ORR activity,
increasing the mesopores will, to a certain extent, increase the degree to which the 3D porous
network penetrates the entire catalysts. Remarkably, the micropore volume remains relatively
unchanged with NH3 activation time, so it appears that the mesopores are forming without
affecting the micropores. The area in pores > 100 nm is significantly greater for the
Zn(mIm)2TPIP_45 catalyst, exhibiting a balance between removal of surface carbon
maintenance of pore structure. High temperature NH3 gasification of surface carbon to reveal
underlying porous structures is responsible for this increase in larger width pore area and volume
while the micropore volume remains relatively unchanged at different NH3 activation times.
In an effort to further visualize the porosity of samples prepared via NH3 activation for
different temperatures, transmission electron microscopy (TEM) was performed. Figure 7.2 is
the TEM images of samples prepared through activation in NH3 for different durations. In Figure
7.2a, Zn(mIm)2TPIP_30 is shown and Figure 7.2b shows that same sample with a higher
magnification. It is easy to see that the sample is comprised of both graphitic carbon structures
(thin sheets) exterior as well as the porous sponge-like structures. As the activation in NH3 time
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Table 7.1: Summary of key surface area and fuel cell performance parameters. Reported values are BET surface area (m 2 g-1), area in
micropores (m2 g-1), area in mesopores (m2 g-1), area in pores > 100 nm (m2 g-1), volume in pores (cm3 g-1) followed by a breakdown
of the total volume existing in micropores and mesopores (cm3 g-1). Surface area properties are then followed by fuel cell
performance as determined by the limiting current density (A cm-2), current density at 0.8 ViR-free (mA cm-2), and power density at 0.6
V (mW cm-2).
Time
in
NH3
(min)
30

45

60

BET
surface
area
(m2 g-1)
948.4

Area in
micropores
(m2 g-1)

Area in
mesopores
(m2 g-1)

Total
Volume
in pores
(cm3 g-1)
0.398

Volume in
micropores
(cm3 g-1)

16.1

Area in
pores >
100 nm
(m2 g-1)
31.7

0.355

Volume in Limiting
mesopores current
(cm3 g-1)
density
(A cm-2)
0.038
2.2

Current
density at
0.8 ViR-free
(mA cm-2)
279.6

Power
density at
0.6 V
(mW cm-2)
599.2

979.4

949.8

1070.5

19.2

24.6

0.450

0.406

0.036

2.0

230.6

451.2

1003.4

1002.4

25.2

73.6

0.518

0.339

0.123

2.9

391.3

694.6

1057.1

1076.5

28.0

69.7

0.575

0.420

0.109

2.9

352.2

687.1

1060.9

1063.3

15.3

20.3

0.487

0.406

0.046

3.6

177.2

608.2

1068.9

1071.5

17.1

20.6

0.442

0.406

0.032

3.5

151.6

564.1
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is increased to 45 minutes, TEM reveals in Figure 7.2b and e that the sample has increased
porosity. The graphitic carbon structures still exist, but many have been gasified to reveal
underlying pore structures. When the NH3 activation time is further increased to 60 min., as
shown in Figures 7.2c and f, significant carbon gasification is evident. Minimal graphitic carbon
sheets remain in the Zn(mIm)2TPIP_60 sample due to NH3 gasifying surface carbon structures
until much of the graphitic carbon is completely etched away. It is also noted that there is an
increase in the amount of iron nitride particles (large dark spots noticed throughout the sample).
As increasing amounts of carbon is gasified and removed from the electrocatalyst it is expected
that iron would remain, as shown in equation 1. Residual iron reacts with NH3 to yield FexN
aggregate materials, resulting in larger particles as a function of NH3 activation time due to the
increasing FexN concentration as carbon is removed.
The presence of iron nitride was confirmed via XRD peaks in Figure 7.3. Simulated
diffraction peaks for iron nitride as FexN (x = 2 or 3)237 and iron metal238 are included in Figure
7.3 and it is apparent that no iron crystallite peaks exist. As the carbon is etched away by NH3
radicals at high temperatures, residual iron will also react with NH3 to form FexN at high
temperatures. As increasing amounts of FexN forms it will aggregate into more particles of larger
diameter which begin to be visualized by TEM. Increasing iron nitride content is also observed
in XRD as the FexN peak intensities are increasing with time spent in NH3 atmosphere. Increased
iron – iron bonding from FexN coordination is noted in EXAFS spectra shown in Figure 7.4 as
the NH3 activation time increases. To aid in comparison, an iron foil EXAFS spectrum (pink
like) is also included. The Fe-N bonding peaks occur around 1.4 Å whereas the Fe-Fe first shell
bonding peak is present at 2.2 Å. The observation of an increase in iron nitride particles as NH3
activation time increases also signifies a NH3 activation dependent surface chemical speciation
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change. The presence of iron nitride particles of increasing quantity and diameter indicates that
less iron species are available as FeN4 or FeN2+2 sites within the carbon matrix, which are
believed to the be active sites for ORR in non-PGM catalysts.219-221
H2/O2 fuel cell polarization curves were recorded for each catalyst prepared in this work
and are shown in Figure 7.5A. Figure 7.5B shows the Tafel plot from Figure 7.5A in order to
better visualize the fuel cell performance at high voltages which are realistic for vehicular
applications. A dashed line is included in Figure 7.5B at 0.8 ViR-free to aid in comparing
electrocatalysts with one another. Power density curves are shown in Figure 7.5C for each
electrocatalyst. Finally, the impedance curves of each material is shown in Figure 7.5D. Key
electrochemical parameters are summarized in Table 7.1. Each NH3 activation time was repeated
to yield six total samples, which are summarized in Table 7.1. The dependence of limiting
current density on BET surface area is plotted in Figure 7.6A and the dependence of current
density at 0.8 ViR-free and power density at 0.6 Vmeasured was plotted versus the area in pores in
Figure 7.6B for all six catalysts.
When comparing catalysts prepared through activation in NH3 at different durations,
there is a direct correlation between the time spent in NH3 atmosphere, BET surface area, and the
limiting current density, see Figure 7.6A. As the time spent in NH3 increases, so does the BET
surface area due to a gasification of surface carbon structures. At high current densities (and low
potentials), O2 is very rapidly consumed, demanding rapid and uninhibited flow of O2 to active
sites while also removing H2O product. An easy way to alter the flow of O2 is to increase the
overall surface area which results in lower gas flow impediment throughout the electrode.
Subsequently, the limiting current also steadily increases with higher BET surface area. At high
current densities, the turn over frequency becomes limiting in non-PGM catalysts, meaning every
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Figure 7.2: TEM images. Samples include (a) Zn(mIm)2TPIP_30 with a scale bar of 500 nm, (b)
Zn(mIm)2TPIP_45 with a scale bar of 500 nm, (c) Zn(mIm)2TPIP_60 with a scale bar of 500 nm,
(d) Zn(mIm)2TPIP_30 with a scale bar of 200 nm, (e) Zn(mIm)2TPIP_45 with a scale bar of 200
nm, and (f) Zn(mIm)2TPIP_60 with a scale bar of 200 nm.
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Figure 7.3: Powder XRD results after pyrolysis and NH3 activation. XRD patterns for
Zn(mIm)2TPIP_60 (top-blue), Zn(mIm)2TPIP_45 (top middle – red), Zn(mIm)2TPIP_30 (bottom
middle – black), and simulated peaks for FexN where x = 2 or 3 (green) and Fe metal (pink).
There is no detectable iron peak. The FexN peak intensity increases with increasing NH3
activation time, corresponding well with TEM images showing increasing iron nitride particles.
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Figure 7.4: EXAFS spectra showing the effects of NH3 treatment time on the Fe-species in the
Zn(mIm)2TPIP catalyst. Samples include Zn(mIm)2TPIP_30 (black line), Zn(mIm)2TPIP_45 (red
line), Zn(mIm)2TPIP_60 (blue line) and iron foil (pink line).
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Figure 7.5: Single fuel cell test results. Samples include catalysts activated in NH3 for 30 min.
(black open squares), 45 min. (red open triangles), and 60 min. (blue open circles). (A) Full
polarization curves, (B) Tafel plots with a dashed line at 0.8 ViR-free, (C) power density curves,
and (D) impedance curves for each NH3 activation time point. Cell conditions: PO2 = PH2 = 1 bar
(back pressure = 7.3 psig) fully humidified gasses at flow of 0.2 L min-1, cell temperature = 80
o
C, N211 membrane, 5 cm2 electrode area, cathode catalyst = 2.5 mg cm-2, anode catalyst = 0.4
mgPt cm-2.
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Figure 7.6: Comparison of surface area values and fuel cell activity. (A) The dependence of limiting current density on the BET
surface area. (B) The dependence of current density at 0.8 ViR-free on the area in pores (blue open squares) and the dependence of
power density at 0.6 V on the distribution of area in pores as exemplified by the ratio of micropore area to mesopore area (red open
stars).
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available active site it occupied by adsorbed O2. Simply increasing the availability of active sites
to perform ORR through increasing BET surface area will give improvements in limiting current
density.
When looking at the current density at 0.8 ViR-free it appears that the performance depends
upon the area and volume in larger pores, where Zn(mIm)2TPIP_45 has the best performance
followed by Zn(mIm)2TPIP_30 then Zn(mIm)2TPIP_60 which has a much lower current density
at 0.8 ViR-free. The combinatorial effect of high pore area and volume in likely due to an
interconnectedness of the porosity achieved for Zn(mIm)2TPIP_45, yielding more accessible
active sites. Porosity is frequently implicated as critical to ORR activity at reasonable
potentials.220 The trend in ORR activity at 0.8 ViR-free is then expected, although
Zn(mIm)2TPIP_45 achieved a remarkable current density of 352.2 and 391.3 mA cm-2 when
both samples were tested in the fuel cell. This was then followed by Zn(mIm)2TPIP_30 with
279.6 and 230.6 mA cm-2 current densities at 0.8 ViR-free. Finally, Zn(mIm)2TPIP_60 had much
lower performance at 177.2 and 151.6 mA cm-2 at 0.8 ViR-free. It is likely that Zn(mIm)2TPIP_60
has the lowest activity due to a combination of lower surface area in larger pores as well as the
formation of iron nitride particles causing a reduction in available FeN4 or FeN2+2 active sites
within the carbon matrix.
A similar trend is observed for the power density at 0.6 V when the NH3 activation time
is altered. Higher power densities at lower potentials are directly related to the availability of
catalytic active sites through a 3D interconnected network in non-PGM catalsyts, exemplified by
the area/volume in mesopores (and area pores > 100 nm). As such, Zn(mIm)2TPIP_45 had the
greatest power density at 0.6 V for both samples prepared, at 694.6 and 687.1 mW cm-2 at 0.6
Vmeasured. Either increasing or decreasing the NH3 activation time served to reduce the power
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density for both Zn(mIm)2TPIP_60 (608.2 and 564.1 mW cm-2) and Zn(mIm)2TPIP_30 (599.2
and 451.2 mW cm-2). The samples prepared in NH3 for 60 min. had slightly higher power
densities at 0.6 V then those prepared in NH3 for 30 min., although they are quite similar.
Presumably, the higher surface area in pores displayed for Zn(mIm)2TPIP_30 was offset by the
high overall BET surface area of Zn(mIm)2TPIP_60 to create similar power density
performances. At lower voltages, the Zn(mIm)2TPIP_60 sample has a greater maximum power
density although it does not represent a reasonable fuel utilization efficiency for vehicular
applications.
Cell impedance curves as shown in Figure 7.5D. The cell impedance trend shown here
goes as Zn(mIm)2TPIP_60 < Zn(mIm)2TPIP_30 < Zn(mIm)2TPIP_45. A similar trend is
observed when considering the area/volume in larger (> 2 nm) pores, where Zn(mIm)2TPIP_60
has the lowest average value and Zn(mIm)2TPIP_45 has the highest average value. As the time
in NH3 increases from 30 to 45 min., so does the area/volume in larger pores, increasing the time
to 60 min. results in a decrease in the area in pores as over-gasification occurs at the expense of
pore structure. This is simply explained by the extent of NH3 gasification of surface graphitic
carbon sheets to reveal the underlying bulk pore structure. Once most graphitic carbon has been
removed, further NH3 gasification results in the decomposition of some of the revealed pore
structures. It is well known that while mesoporosity helps improve the 3D connectivity of the
electrocatalyst matrix, it also leads to a decrease in the conductivity of a carbonaceous
material.239 The decrease in cell impedance did not appear to be great enough to negatively
impact the cell performance, however, as Zn(mIm)2TPIP_45 achieved impressive ORR activity
at the fuel cell level.
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In conclusion, high temperature activation in NH3 gasifies surface carbon structures,
revealing underlying pore structures not originally accessible to reactant gasses. Activation in
NH3 for 45 min. yielded the highest surface area/volume in mesopores, greatest surface area in
pores > 100 nm, and impressive ORR activities were measured through current density at 0.8
ViR-free of 391.3 mA cm-2 and a power density at 0.6 Vmeasured of 694.6 mW cm-2. Without
adequate time in NH3 environment, the surface carbons were not adequately removed to reveal
underlying porous materials. Inadequate gasification resulted in lower BET surface area and
lower surface area/volume in larger pores, directly translating into lower ORR activity.
Increasing the NH3 activation time far above that of optimal, however, also gave negative
outcomes. Excessive gasification began to etch at the underlying pore structure and although
there was a higher overall BET surface area, the important surface area/volume in larger pores
had been diminished. Furthermore, the gasification process produces FexN compounds, which
are inactive to ORR. XRD, TEM, and XAS studies reveal larger contributions from FexN
materials as the NH3 active time increases, representing a decrease in the FeN4 or FeN2+2
predicted ORR active sites. High temperature NH3 activation time represents an easy way to
tailor the surface area, porosity, and structure of catalyst materials, supplying incredible ORR
activity once the system is optimized.

CHAPTER 8
ENHANCED PERFORMANCE OF NON-PGM CATALYSTS IN AIR OPERATED PEMFUEL CELLS
8.1 Introduction
Proton exchange membrane fuel cells (PEMFCs) are a promising energy conversion
technology for future clean power generation. Large-scale commercialization of PEMFCs,
however, is hindered by the high cost of platinum used as the fuel cell electrode catalyst.196
Finding inexpensive alternatives to the platinum group metal (PGM) electrode catalysts
represents a major focus area for PEMFC material researchers. Recent efforts have afforded
significant advancements in non-PGM catalyst syntheses and understanding of their ORR
mechanism.58,59,61-64,76,197,206-210 Among all non-PGM candidates, transition metal and nitrogen
doped carbon (TM-N-C) composites prepared from high surface area metal-organic frameworks
(MOFs) are particularly promising.58,59,61-64,76,210 Generally, these materials are prepared through
pyrolysis of MOFs in the absence of any support; therefore the resulting catalyst has a high
density of uniformly distributed active sites. Such catalysts are morphologically distinct from the
conventional electrocatalyst materials, which rely on high surface area support materials such as
amorphous carbon to achieve high catalytic center dispersion.206,207,209,217 Typically, support
materials are inert with limited or no catalytic activity and do not appreciably contribute to the
electrocatalytic process. The inert support also dilutes the active site density and demands more
catalyst to deliver a comparable performance. For fuel cells, thin electrode layers are generally
This chapter was submitted to the International Journal of Hydrogen Energy in 2016.
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preferred due to the constraint of charge and mass transfers, which limit the amount of catalyst
can be applied. The MOF-based Fe-N-C catalysts are prepared through thermolysis of the
frameworks without the need for a secondary carbon support. By definition, the catalytic centers
are evenly decorated throughout the pyrolyzed materials. By judiciously selecting nitrogencontaining ligand and transition metal as MOF’s building blocks, one could theoretically produce
the number of the active site intrinsically based on the transition metal-N ligation units in MOF.
This results in greater number of active site within the same volume than the supported catalysts
and attributes to a number of reported ORR activities approaching to that of PGM
catalysts.59,64,210,240
At present, most ORR activities over non-PGM catalysts were tested under oxygen flow.
Practical automotive applications require the cathode be supplied with air as the oxidant instead
of pure O2. When air is used, a decrease in the fuel cell performance is observed due to the lower
content of oxygen (20.95 % by volume).241,242 For non-PGM catalysts, it is of vital importance
to maximize the utilization of available active sites so that they could contribute to the overall
catalytic reaction. Electrocatalytic reactions in the fuel cell electrodes occur at the interface
between the catalyst, proton conductive ionomer, and gas phase, also known as the “triple-phase
boundary” (TPB).243 The TPB needs to be maximized within the membrane electrode assembly
(MEA) to deliver the optimal fuel cell performance. For conventional carbon supported catalyst,
TPBs can be modified by altering the catalyst ink formulation involving the change of Nafion®
ionomer-to-catalyst ratios. Typically, this ratio is in the range of 1:1 to 1.5:1. Since MOF derived
non-PGM catalyst has a homogenous distribution of the active sites and does not differentiate the
catalytic from the support regions, we expect a different ionomer distribution, hence its content
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in the ink formulation, is needed. Insufficient ionomer will not connect the proton conduction
paths between active sites and the membrane. Too much ionomer will block the catalyst pores
and prevent gas reactant reaching to the catalytic center. Fully humidified ionomer is an
excellent proton conductor, but inadequacies such as poor gas diffusivity and low electron
conductivity set an upper limit to its loading before the electrode performance is adversely
affected.244,245 Many reports have found significant dependences of ORR activity on the
ionomer-to-catalyst ratio in the electrodes.64,210,246-249. Changing the oxidant from pure O2 to air
may change the characteristics in gas diffusivity and humidity management, therefore requires
the re-optimization of electrode fabrication process.
In this work, we report our recent study on improving the MEA fabrication through the
catalyst ink optimization for air operated PEMFC singe cell. We found that Nafion® ionomer
content has strong influence to the MEA and fuel cell performance. Through the optimization,
we have significantly increased the specific current densities at both kinetic and low-voltage
regions and achieved high power density for H2-air PEMFC with non-PGM cathodic catalyst.
8.2 Materials and Methods
8.2.1 Electrocatalyst Synthesis and Activation
Nanoscale ZIF-8 (an imidazolate-based MOF) crystals were synthesized via rapid room
temperature colloidal chemistry according to previously published procedures.250,251 Briefly, 0.02
mol. of zinc nitrate hexahydrate was dissolved into 400 mL of methanol. A second solution was
prepared containing 0.2 mol. 2-methylimidazole in 400 mL of methanol. While stirring, the zinc
nitrate hexahydrate solution was poured into the 2-methylimidazole solution, prompting the

185

precipitation of ZIF-8 crystals. After one hour, the precipitate was removed from solution via
centrifugation, washed with methanol three times, and dried in a vacuum oven at 40 oC.
The as-synthesized ZIF-8 (Zn(mIm)2) was first combined with tris(1,10-phenanthroline)
iron (II) perchlorate (TPI) by ball milling one mole of ZIF-8 with 0.05 mol. % TPI at 500 rpm
for one hour. The pink powder comprised of TPI uniformly mixed with ZIF-8 was recovered
from the ball mill, placed in a ceramic boat, and in a sealed in a quartz tube furnace for the first
thermal activation. The quartz tube was purged with Ar, heated to 1050 oC, and held for 30 min.
to pyrolyze the ZIF-8 material. The resulting black powder was sonicated in 0.5 M H2SO4 for 30
min. followed by constant agitation for 18 hr. The sample was removed from the H2SO4 solution
through centrifugation and washed with water until the pH of the supernatant was neutral. After
separation and drying, the sample was activated for the last time in flowing NH3 gas at 950 oC to
yield the electrocatalyst, Zn(mIm)2TPIP. The Brunauer–Emmett–Teller (BET) specific surface
area measured at liquid nitrogen temperature was 1100 m2 g-1
8.2.2 MEA Preparation and Testing
Electrodes were constructed by first preparing catalyst inks followed by painting the inks
onto carbon gas diffusion layers. Formulation of cathode catalyst inks involved dispersing 20 mg
of Zn(mIm)2TPIP into varying amounts of 5 wt. % Nafion® perfluorinated resin solution
(ionomer), water, and isopropyl alcohol (IPA) to give desired Nafion ionomer to catalyst ratios.
Samples prepared with different Nafion ionomer-to-catalyst dry weight ratios are referred to
simply as I:C where I represents the amount of ionomer added relative to the amount of catalyst,
C. For example, to prepare ink with I:C = 0.85:1, 20 mg of Zn(mIm)2TPIP was dispersed into
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340 mg of 5 wt.% Nafion ionomer solution, 340 mg of water, and 680 mg of IPA. This ink was
then sonicated for 30 minutes and constantly agitated for 16 hr. to give a homogenous ink
dispersion. After agitation, the ink was painted directly onto 5 cm2 carbon paper (Sigracet 25
BC) and dried in a vacuum oven at 40 oC. The gas diffusion electrode (GDE) thus formed has the
net catalyst loading ca. 3.5 mg cm-2. Formulation of anode catalyst inks involved dispersing 10
mg of E-TEK 40 wt.% Pt/C in 80 mg of 5 wt.% Nafion® ionomer solution, 80 mg of water, and
160 mg of IPA. The resulting catalyst ink was sonicated for 30 min. then constantly agitated for
16 hours to ensure a homogenous dispersion. Anodes were prepared by painting and drying in a
similar way to that of the cathode. Catalyst loading was found to be about 0.3 mgPt cm-2.
Membrane electrode assemblies (MEAs) were assembled by hot-pressing the anode and
cathode GDEs on the opposite side of a DuPont Nafion® N211 membrane at 120 oC for 60 sec.
under a pressure of 5.4 x 106 Pa followed by additional 60 sec. under the pressure of 1.1 x 107
Pa. Pressure values were calculated assuming that the weight is evenly distributed across the 5
cm2 electrode.
The MEA activity testing was carried out using a Scribner 850e fuel cell test stand with a
single cell assembly con serpentine flow channels and a geometric electrode surface area of 5
cm2. Ultrahigh purity hydrogen was used as the anode feed and zero air was used as the cathode
oxidant, both from AirGas. During the test, the cell temperature was held at 80 oC and a constant
flow rate of 0.2 L min-1 was maintained for both anode and cathode. Both hydrogen and air were
fully humidified at 80 °C and the backpressure for each electrode was set at 0.5 bar so that the
net pressures of H2 and air were at one bar, respectively. Polarization curves were recorded by
scanning the potential from open circuit voltage (OCV) to 200 mV at 10 seconds per point
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collecting data at 25 points per decade. Multiple scans were collected with a 5 min. rest at OCV
in between scans. The areal current density IA and power density PA were recorded directly from
the polarization measurement. Cell impedance ZA was measured by the current interrupt method
installed in the fuel cell test stand.
8.3 Results and Discussion
As aforementioned, the non-PGM catalysts derived from MOF/ZIF precursors represent a
unique class of materials. Unlike the conventional carbon-supported catalysts, ZIF based
catalysts have catalytic sites decorated throughout the internal and external surfaces. There is no
clear separation between the catalytically active versus that of inert portions. Since MOF/ZIF
derived catalysts are heteroatom doped carbonaceous materials and intrinsically porous, the
electron and mass transfers are no longer the concerns. The only challenge is to establish the ionconductive channels so that as many active sites as possible can be situated near the TPB. At
present, the most obvious optimization step is to control the ionomer usage and the application
method. Ionomer is a short-chain polymer. Insufficient usage will not provide adequate
coverage on the MOF/ZIF catalyst surface which typically has higher surface areas than
amorphous carbon catalyst supports. Excessive usage will clog the gas passages to the catalyst
micropores which contribute dominantly to the surface areas of these kinds of catalyst.
Improving ionomer application involves multiple parameters such as the ionomer solution
concentration, the type of solvents, application method to form MEA, etc. This investigation,
however, limits to only the ink formulation with different I:C ratios.
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Five catalyst ink formulations with varying I:Cs were prepared to optimize the catalyst
usage and ORR activity of Zn(mIm)2TPIP using air as the oxidant. The I:C ratios were varied
from 1:1 down to 0.5:1 and the resulting polarization curves are shown in Figure 8.1A. It is
immediately obvious that the MEA with cathodic I:C = 0.5:1 generated poor ORR activity,
presumably resulting from insufficient ionomer coverage thus less TPB over the catalyst surface.
Increasing ionomer loading from I:C = 0.5:1 to 0.7:1 quickly improved the catalyst and MEA
performances with I:C = 0.85:1 demonstrating the best polarization current in the entire voltage
range investigated. Further increasing I:C to 1:1 maintained a relatively high fuel cell
performance above 0.8 ViR-free. However, the current density rapidly deteriorated as the
polarization potential reached below 0.7 V. This fast activity decay is presumably due to the
excess ionomer accumulation blocking a faction of micropores in the electrode catalyst layer.
Such blockage may not have much impact at the kinetic region when the cell current is low.
However, it will impede the mass transport at higher cell current when more oxygen is needed as
the cell potential decreases.252,253. A closer examination on the cell impedance also found that
there is an increase in the internal resistance at I:C = 1:1, which will be discussed later.
Selected MEA/fuel cell performance data from the kinetic region to the mass transport
limited region are summarized in Table 8.1. The open circuit voltage (OCV) is the first data
point taken after the fuel cell is fully conditioned with steady hydrogen and air flows before the
current polarization starts. At the lowest ionomer loading, the OCV was also the lowest, 0.7978
V. As the I:C is increased to 0.6:1 and 0.7:1, significant improvements in OCV are noted.
Further increasing I:C to 0.85:1 and 1:1 stimulates nominal change. OCV was the highest at
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0.9165 V when I:C = 0.85:1, which was very close to 0.9149 V and 0.9036 V for I:C = 0.7:1 and
I:C = 1:1, respectively.
For non-PGM catalyst, the fuel cell specific current density at 0.8 ViR-free has been
considered as an important benchmark.254 We plotted the areal specific current density (IA)
measured at 0.8 ViR-free for the MEAs with cathodic I:C values of 0.5:1, 0.6:1, 0.7:1, 0.85:1, and
1:1 in Figure 8.2 and listed them in Table 8.1. Figure 8.2 shows a profound dependence of IA as
the function of I:C. For example, as I:C is increased from 0.6:1 to 0.7:1, a tenfold increase in
specific areal current density at 0.8 ViR-free is observed. Clearly, the proton conductivity to the
catalytic active sites is greatly enhanced with a mere 16% increase in ionomer content at this
composition. Further increase of I:C to 0.85:1 yielded an impressive specific current density of
147.6 mA cm-2 at 0.8 ViR-free. Upon adding more ionomer to reach I:C = 1:1 in the ink mixture
caused a decrease in performance by nearly 25%. In addition to IA at 0.8 ViR-free, the limiting
current IL measured at 0.2 V followed the same trend as I:C is increased. Their values are also
listed in Table 8.1.
As one would expect, the impact of I:C to fuel cell polarization will also affect its power
density distribution. Figure 8.3A shows the fuel cell power density as a function of polarization
current density for the MEAs prepared with different I:Cs. Since hydrogen powered PEMFC
provides only meaningful energy conversion efficiency above 0.6 V, the power density values
(PA) at 0.6 V are compiled in Table 8.1 and are plotted as a function of I:C in Figure 8.2. Similar
to the assessment of specific current density, the MEA with cathodic I:C = 0.85:1 also has the
highest power density among all the samples. Different from the sequence of IA at 0.8ViR-free
where MEA with I:C = 0.7:1 has a lower value than that with I:C = 1:1, the PA reverses the order
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Table 8.1: Summary of selected fuel cell performance data at different I:Cs.
OCV

IA @ 0.8ViR-free

PA @ 0.6 Vmeasured

IL @ 0.2 Vmeasured

ZA @ 100 mA cm-2

ZA @ 500 mA cm-2

(V)

(mA cm-2)

(mW cm-2)

(A cm-2)

(mOhm cm2)

(mOhm cm2)

0.9036

112.4

252.6

0.7263

115.6

93.82

0.85:1 0.9165

147.6

325.7

0.9565

93.25

73.48

0.7:1

0.9149

94.4

307.7

0.8723

94.53

70.06

0.6:1

0.8679

9.396

59.66

0.5017

113.6

76.82

0.5:1

0.7978

----

16.32

0.2638

115.6

----

I:C

1:1
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Figure 8.2: Effect of Nafion ionomer loading. Activity was compared for current densities at 0.8
ViR-free (solid star) and power densities at 0.6 V (solid blue circle).

Figure 8.3: Power density and impedance graphs from fuel cell testing for varying I:C. (A) Power density as the
Figure 8.3: Power density and impedance graphs from fuel cell testing for varying I:C. (A) Power density as the function of current
function of current density for each I:C and (B) cell impedance curves as the function of current density for each I:C.
density for each I:C and (B) cell impedance curves as the function of current density for each I:C. The legend in the graphs defines
The legend in the graphs defines I:C. Conditions: PO2 = PAir = 1 bar (backpressure = 7.3 psig) fully humidified;
-1
I:C. Conditions: PO2 = PAir = 1 bar
= 7.3 psig) fully humidified;
flowrate H2 = Air = 200 ml min
; T = 80 oC; N211
-1 (backpressure
o
2
-2
flowrate H = Air = 200 ml min ; T = 80 C; N211 membrane; 5 cm MEA; cathode catalyst = 3.5 mg cm , anode
membrane; 52 cm2 MEA;-2cathode catalyst = 3.5 mg cm-2, anode catalyst = 0.3 mgPt cm-2.
catalyst = 0.3 mgPt cm .
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with the value of I:C = 0.7:1 is higher than that with I:C = 1:1 at 0.6 V. Changing I:C from
0.85:1 to 0.7:1 results in only a 5.5% loss of PA at 0.6 V. When I:C value is raised to 1:1, the
power density falls by 73 mW cm-2, or 23 % of its value at 0.85:1. This alteration of sequence is
simply due to the switch of IA order at 0.7 V shown in Figure 8.1A, resulted from the changes in
mass transport and cell impedance characteristics.
The impact of ionomer loading to the MEA internal resistance during fuel cell operation
was also investigated. Figure 8.3B shows the fuel cell internal impedance, ZA, as the function of
the polarization current density for MEAs with different I:Cs. Selected ZA values at a lower (100
mA cm-2) and higher (500 mA cm-2) current density are also summarized in Table 8.1. Among
all the performance parameters discussed in this study, the internal impedance is perhaps the
most indicative one in deciphering the influence of the cathodic ink formulation on the electrode
structure. Since the Nafion® membrane and anodic ink formation were kept identical through
these experiments; the difference in measured internal impedance is therefore associated directly
to the variation in cathode structure. The internal conductivity is contributed by both proton and
electron conductions. The first observation of Figure 8.3B is that when the ionomer content is
low, such as when I:C = 0.5:1 or 0.6:1, the internal impedance becomes high, presumably due to
the failure in establishing an effective proton conductive network. The impedance reaches to the
lowest values when I:C = 0.7:1 and 0.85:1, which are coincident with the best fuel cell
performance. When I:C is increased to 1:1, a significant jump of the internal impedance is
observed. Since more ionomer is added under the circumstance, such increase in impedance is
likely due to loss of electron instead of proton conductivity. This is an interesting observation for
MOF/ZIF derived catalysts. It indicates that a higher content of ionomer may cause segregation
of the catalyst particulates by over-coating the surface with excess ion-conducting but electron-
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insulation polymer, leading to the losses of inter-particle contact and the electron conduction
through percolation. Therefore, the degradation of current-voltage polarization of MEA at higher
I:C cannot be simply attributed to impeded mass transport, the loss of electron conductivity
should also be considered. To our knowledge, this is different from that of amorphous carbon
supported catalysts. The second observation of Figure 8.3B is the continuous decrease of cell
impedance with the increase of polarization current. This is more pronounced for the MEAs with
lower I:C at the current density below 200 mA cm-2. As aforementioned, MOF/ZIF derived nonPGM catalysts have the unique morphology with the atomic active sites distributed through the
entire body, therefore requires generally proper amount of ionomer to reach but not overcast the
sites. As fuel cell polarization current increases, the water will be produced at the cathode as the
product of ORR. Water is an excellent proton conductor which will spill over to the adjacent
sites thus expands the TPB. Therefore, both proton conductivity and catalyst utilization could be
improved in some degree. The continuous reduction of impedance in Figure 8.3B is
accompanied by the extension of current density at lower polarization voltage in Figure 8.1A,
indicating participation of more active site as water accumulates. Such extension creates a fuel
cell polarization curve with shape slightly different from the conventional type. In fact, since the
catalyst surface is decorated with high density Fe-N-C moiety which can bind with H2O easily,
we found that such MEAs tend to have significantly faster “break-in” than the conventional
PEMFCs, which will be described below. Increasing proton conductivity and possibly TPB by
water alone could not be the solution of overall MEA improvement. For example, in the case of
I:C = 0.6:1, Figure 8.3B shows that the cell impedance lowers quickly as the fuel cell is scanned
to higher currents. At 500 mA cm-2 its impedance had improved to be nearly the same as that of
0.7:1 and 0.85:1 samples. However, such improvements in charge connectivity did not translate
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directly into enhanced fuel cell performance at 0.8 ViR-free and 0.6 V. The cumulated water,
though improved the proton conductivity, only marginally enhanced the catalyst utilization due
to still insufficient coverage. To establish an effective ion conducting channels through proper
loading of ionomer is still the most important for the electrode fabrication.
For practical applications, the non-PGM catalyst must maintain a stable ORR activity
over time. Although this report is not intended for non-PGM catalyst durability study, we did
investigate the stability of the membrane electrode during consecutive voltage-current
polarizations. Typically, Fe-N-C ORR catalysts of high activity deactivate quickly during the
fuel cell scanning in pure oxygen.255-258 To investigate our fuel cell behavior under repeated
polarization in air, a MEA with I:C = 0.85:1 was prepared and scanned from OCV to 0.2 V eight
consecutive times. The current-voltage polarization curves of these scans are given in Figure
8.4A and corresponding impedance changes as the function of current density are plotted in
Figure 8.4B. Figure 8.4A shows a consistent improvement of fuel cell polarization during the
consecutive scans. The “break-in” was almost completed at the third scan, as is evidenced by the
nearly complete overlaps in the low voltage domain. Correspondingly, the cell impedance also
converged at the third scan. To closely examine the fuel cell performance, we also plotted fuel
cell current densities measured at near the kinetic region (0.8 V) and mass transport limited
region (0.4 V) in Figure 8.5 and listed their values in Table 8.2. In the near kinetic region, a
small but gradual decay in the specific current density is observed. Meanwhile, the current
density near the mass transport limited region approaches a constant value ca. 735 mA cm-2 after
the third scan and remains basically unchanged in the following scans. Such observation is
somewhat difficult to explain based on a single active site model. For the fuel cell with nonPGM catalyst, the “mass-transported limited region” is somewhat ill defined since the limiting
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current density at low voltage is actually limited by the slower turnover frequency at each active
site, instead of the rate the oxidant being supplied. If all the active sites are the same, one would
expect the loss of active sites will lead to the reduction of current density at the “mass transport
limited region” since every active sites is accountable to perform. In the kinetic region, however,
the turn-over rate is relatively low and does not require the participation of all the active sites.
The fact that the more prominent decay is found first in kinetic region suggests that there may be
more than one type of catalytic site. The difference could be from the active site structure or
location. The type that contributes to ORR at kinetic region may be more effective in reducing
ORR kinetic barrier, but less durable in lifespan. More structural and mechanistic investigations
are needed to better understand these changes.
In conclusion, an iron-nitrogen-incorporated carbon composite (Fe-N-C) was prepared by
pyrolysis of tris(1,10-phenanthroline) iron (II) perchlorate (TPI)-doped zeolitic
methylimidizolate framework. The composite was incorporated as the cathode catalyst in a
hydrogen-powered proton exchange membrane fuel cell running air as oxidant. The ORR
catalyst offers a unique morphology of uniformly distributed active sites throughout the catalyst
body without the distinction between the support and active regions. To optimize the access to
these active sites, membrane electrode fabrication process was improved by altering Nafion®
ionomer-to-catalyst ratio. Meanwhile, MEA performances were evaluated through the currentvoltage polarization. Tafel plot, power density and internal impedance were derived from the
polarization measurements. We found, for example, the best fuel cell performance can be
achieved when ionomer-to-catalyst dry weight ratio was maintained at 0.85:1. With the
optimized MEA, an excellent specific current density of 147.6 mA cm-2 at 0.8 ViR-free was
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obtained when the fuel cell was operated under one bar air at 80 °C. Furthermore, a power
density of 325.7 mW cm-2 at 0.6 V was achieved under the same operating conditions.
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Table 2. Summary of the fuel cell results. Data includes current density at 0.8 ViR-free and 0.4
Vmeasured during the eight consecutive scans.
-2

Scan

IA at 0.8 ViR-free (mA cm-2)

IA at 0.4 Vmeasured (mA cm )

1

133.0

493.6

2

133.0

682.3

3

128.6

724.3

4

123.8

734.2

5

116.7

732.8

6

116.2

739.0

7

112.6

739.0

8

109.3

736.0
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Figure 8.5: The change of current density near the kinetic and mass transport regions during 8
consecutive scans.

CHAPTER 9
CONCLUSIONS AND FUTURE DIRECTIONS
9.1 Conclusions
This dissertation contained two major parts. First, a novel synthetic method was
discussed in which metal nanoalloys can be prepared directly from bulk metals through lithiumassisted dissolution-alloying process. Three systems were investigated to demonstrate the robust
nature of lithium-assisted dissolution-alloying synthesis technique. First Pd3Ag nanoalloys were
prepared from Pd3Ag bulk alloy. It was discovered than not only do the Pd3Ag nanoalloys
maintain the alloy structure of the bulk Pd3Ag but also that a uniform size distribution with a
mean particle size of 2.3 nm. Furthermore, the Pd3Ag nanoalloys were about 10 times more
active towards the hydrogenation of acrolein than commercially available Pd nanoparticles. The
next system used individual bulk Pd and Pt metals to prepare PdPt nanoalloys through lithiumassisted dissolution-alloying. The PdPt nanoalloy structure was confirmed by EXAFS and the
mean particle size was found to be 7 nm. The PdPt nanoalloys were also tested for catalytic
activity in the methanol electro-oxidation reaction and they demonstrated a higher catalytic
activity than Pt nanoparticles. The synthetic method was further expanded to include PdZn
nanoalloys prepared from individual bulk Pd and Zn metals. PdZn was chosen due to the extreme
complexity of preparing PdZn nanoalloys using traditional metal salt co-reduction techniques.
First of all, Pd and Zn have vastly different reduction potentials, which does not favor alloy
formation when using co-reduction of metal salt precursors. Additionally, Zn is very easily
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oxidized at ambient conditions, causing de-alloying to occur. Often, PdZn nanoalloys are
prepared then reduced immediately before a catalytic reaction using high temperatures and hard
reducing conditions or they are formed as they catalyze a reaction. The lithium-assisted
dissolution-alloying technique is unique due to the constantly reducing environment of lithium. It
was believed that the novel method described here would lend itself well to preparing these
complicated or impossible nanoalloy systems such as PdZn. After synthesis of PdZn in molten
lithium, its chemical structure was investigated and confirmed via XRD and EXAFS. It was
shown that very minimal Zn oxidation occurred, even when the alloy was measured without
pretreatment. These findings confirm that lithium assisted dissolution – alloying can complement
traditional co-reduction synthetic methods when the desired nanoalloy system is difficult or
impossible to prepare from metal salts.
Next, non-platinum group metal (non-PGM) oxygen reduction reaction (ORR)
electrocatalysts were prepared via pyrolysis of ZIF-8 and an iron additive. ZIF-8 was synthesized
either through a one-pot all-solid-state-synthesis method or through wet-chemistry colloidal
synthesis. Using the one-pot solid-state-synthesis method, three different iron additives were
used in the synthesis process. Resulting Brunauer-Emmett-Teller (BET) surface areas and fuel
cell performance were investigated. A clear correlation between the precursor surface area and
resulting fuel cell performance was established. The iron additive tris(1,10-phenanthroline) iron
(II) perchlorate (TPI) yielded the highest BET surface area and fuel cell performance. In an effort
to improve the electrical conductivity of the electrocatalysts, ketjen black was added to the ZIF-8
+ TPI electrocatalyst. Although the addition method of ketjen black was optimized and did result
in decreased fuel cell impedance, it failed to improve the ORR performance at the fuel cell level.
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Finally, the Nafion ionomer to catalyst ratio was optimized for the membrane electrode assembly
(MEA) fabrication step.
Also using the one-pot solid-state-synthesis technique, ZIF-8 ligand composition was
investigated and resulting ORR activity quantified. Typically, ZIF-8 is comprised of a Zn2+ metal
center with two 2-methylimidazole ligands as organic linkers, written as Zn(mIm)2. The 2methylimidazole was changed to imidazole to yield Zn(Im)2 MOF material. The ZIF materials
were then pyrolyzed, acid washed, and activated a final time in NH3 to give electrocatalysts. The
resulting structural, morphological, and electrochemical properties were investigated through
XRD, Raman spectroscopy, SEM, TEM, BET, RRDE, and single fuel cell testing. It was
discovered that the small morphological change of removing a methyl group on the organic
linker led to a profound change in the overall structure and catalytic performance of the material.
It is hypothesized that the addition of a methyl group to the organic linker aids in conversion of
the five membered ring in imidazole to the six membered ring in carbon, reducing the degree of
ring decomposition.
Investigations into PEMFC performance were undertaken using ZIF-8 synthesized using
a wet-chemistry approach. Once ZIF-8 was prepared, TPI was added via ball milling. The
sample was then pyrolyzed, acid washed, and activated a second time in NH3 atmosphere.
Resulting catalyst morphology is a common theme of study in high surface area and support free
non-PGM catalysts due to the profound impact catalyst structure has on subsequent activity,
especially at the fuel cell level. In the research project discussed in this dissertation, an easy
method of tailoring the surface area and morphology is discussed. It was discovered that the final
NH3 activation step can serve as a tool to increase porosity as a function of time spent in the high
temperature NH3 environment. The surface area increased with increasing NH3 activation time,
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due to the gasification of surface structures on the catalyst, revealing underlying pore structures.
As the NH3 time increased, the mesopore volume increased, hit a maximum, then started to
decrease as the pores ruptured together to form larger crater-like pores on the surface. A strong
correlation between the pore volume and ORR activity was established. Tailoring NH3 activation
time serves as an easy and effective way to optimize ORR activity, and this method can be
expanded to any high surface area support free electrocatalyst system.
Optimization of a high surface area and support free non-PGM catalysts for use in a fuel
cell is unique because the active sites are evenly distributed throughout the entire catalyst. This
makes proper Nafion loading immensely important to ensure good catalytic activity in the
oxygen poor environment of an air fed PEMFC. Nafion loading can easily be controlled through
catalyst ink formulation changes. When the Nafion content was very low it was obvious that the
catalyst lacked proper connectivity of the triple phase boundary existing between the catalyst,
fuel gas, and Nafion ionomer. Furthermore, when the Nafion content was increased above
optimal, mass transport limitations because prominent and decreased ORR activity at lower
potentials. Also, due to the milder oxidative conditions of air versus pure oxygen, the MEA
appeared to have a break-in time during the first scan where proper wetting served to boost
performance. The break in time was observed both with consecutive scanning and with
impedance changes as a function of scan number.
9.2 Future Directions
As with any material design for catalytic applications, the ultimate goal is to improve the
activity and selectivity towards a specific reaction while simultaneously reducing the complexity
and cost to produce it.
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9.2.1 Lithium-Assisted Dissolution-Alloying Preparation of Nanoalloys
The use of lithium as a nanoalloy synthetic agent offers interesting opportunities. First,
the nanoalloys prepared in this method are remarkably resistant to oxidation. While EXAFS did
not show any residual Li in the nanoalloy matrix, its existence may be responsible for the
improved chemical stability. Next, if lithium atoms do exist within the nanoalloy matrix, perhaps
these nanoalloys would have distinctive lithium ion battery performance. Finally, the existence
of metal atoms in the lithium melt may offer a gateway to new and interesting materials.
EXAFS is an excellent tool for determining the coordination environment and local
structure around an element of interest. However, if a small amount of a low Z element (such as
Li) were to be present in the lattice of a higher Z metal alloy (like Pd and Zn) its contribution to
scattering would be quite small. Investigations into the presence or absence of residual lithium
atoms may prove interesting. If it were discovered that nanoalloys prepared via the lithiumassisted dissolution-alloying technique contain a small amount of Li dopant, it could serve to
explain the remarkable resistance to oxidation of these nanoalloys. Furthermore, it would be
useful to know if altering the reaction conditions could add more/less lithium into the alloy
matrix or if it was completely system (metal alloy) dependent.
Another aspect for investigation involving lithium atom doping might be the application
of nanoalloys prepared via lithium-assisted dissolution-alloying method to lithium ion battery
anodes. Lithium ion battery anode materials often suffer from degradation due to the large
volume changes from lithium insertion and removal into the lattice as the battery is charged and
discharged. Large volume changes often result in lattice decomposition and structural breakdown
over repeated cycles. Perhaps if the nanoalloy was prepared in a lithium environment and
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contained residual lithium, its structure might be more flexible for lithium intercalation and
removal. In this way, the catalyst may be prepared in a “broken-in” or “pre-stretched” way which
will remove the problems associated with volume changes.
Finally, the existence of metal atoms in the lithium melt may offer unique chemical or
physical properties if they can be trapped or supported in some way. The lithium assisted
dissolution-alloying method already gives small nanoalloy particle size. Furthermore, studies in
this work have proven that the nanoalloy size can be controlled simply through altering the
concentration of metal added to the lithium melt. Perhaps if the metal concentration were low
enough, metal atoms or small clusters of atoms could be supported on a high surface area
material. Once on a high surface area material, extremely small clusters of atoms may offer
exceptional catalytic activity, unique chemical phenomena, and/or new physical properties yet to
be investigated.
9.2.2 Metal Organic Framework derived Non-PGM ORR Catalysts
In the area of fuel cell research, there are many avenues of potential advancement. The
Department of Energy has set strict performance targets for non-PGM catalysts, even decreasing
the performance separation between non-PGM and Pt containing materials. Although significant
advancements in non-PGM catalyst design and implementation in fuel cell MEAs have been
achieved, there is still a long way to go until Pt-like activity is achieved. The search for better
electrocatalysts may involve the addition of one or more transition metal components to boost
activity. Also, increasing the precursor MOF surface area may be a viable approach to boost
ORR activity. Finally, adding very small amounts of Pt onto the surface of the non-PGM catalyst
may elicit a synergistic approach to ORR catalysis.
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In biological systems, ORR is catalyzed through cytochrome c oxidase which is a hemecoupled protein. This means that ORR is catalyzed through cooperation between Cu and Fe
active centers. Perhaps the addition of small amounts of copper to the Fe-N-C materials derived
here may boost ORR performance.
In this work, a correlation between the precursor surface area and resulting ORR activity
at the fuel cell level was established. It was reported that the surface area could be controlled
through the degree of iron salt infiltration, the chemical alteration of ZIF’s organic ligands, and
through thermal activation steps. A new area of research into higher activity non-PGM catalysts
may result from implementing new higher surface area MOF precursors. If a higher surface area
material is used, two major advancements may be realized. First, the iron salt additive may be
more easily distributed throughout the entire MOF material, resulting in more uniform Fe active
sites. Another benefit of higher surface area MOF materials is the likelihood that additional
surface area and pore structure may survive the pyrolysis and processing conditions to yield
higher surface area products. This dissertation has already shown that higher surface area and
higher pore volume containing electrocatalysts can yield higher ORR activity in a fuel cell.
Finally, the addition of small amounts, or ultra-low loadings of Pt nanoparticles may
result in a synergistic effect between the non-PGM active site and the Pt catalyst. Use of nonPGM catalysts as a Pt support would initially provide a high surface area electrically conductive
material onto which Pt could easily be supported through impregnation methods. Furthermore,
the Pt may serve to protect the Fe-based active sites by preferentially reacting with any
contaminant or byproducts which may deactivate the Fe-based active site. Finally, the ORR
activity from the Fe-based active site may boost ORR performance enough to use an extremely
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low loading of Pt nanoparticles and still achieve comparable fuel cell activity and durability to
higher Pt loading MEAs.
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Theses and dissertations which contain embedded PJAs as part of the formal submission
can be posted publicly by the awarding institution with DOI links back to the formal
publications on ScienceDirect.
If you are affiliated with a library that subscribes to ScienceDirect you have additional
private sharing rights for others' research accessed under that agreement. This includes
use for classroom teaching and internal training at the institution (including use in course
packs and courseware programs), and inclusion of the article for grant funding purposes.
Gold Open Access Articles: May be shared according to the author-selected end-user
license and should contain a CrossMark logo, the end user license, and a DOI link to the
formal publication on ScienceDirect.
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Please refer to Elsevier's posting policy for further information.
18. For book authors the following clauses are applicable in addition to the
above: Authors are permitted to place a brief summary of their work online only. You
are not allowed to download and post the published electronic version of your chapter, nor
may you scan the printed edition to create an electronic version. Posting to a
repository: Authors are permitted to post a summary of their chapter only in their
institution's repository.
19. Thesis/Dissertation: If your license is for use in a thesis/dissertation your thesis may
be submitted to your institution in either print or electronic form. Should your thesis be
published commercially, please reapply for permission. These requirements include
permission for the Library and Archives of Canada to supply single copies, on demand, of
the complete thesis and include permission for Proquest/UMI to supply single copies, on
demand, of the complete thesis. Should your thesis be published commercially, please
reapply for permission. Theses and dissertations which contain embedded PJAs as part of
the formal submission can be posted publicly by the awarding institution with DOI links
back to the formal publications on ScienceDirect.
Elsevier Open Access Terms and Conditions
You can publish open access with Elsevier in hundreds of open access journals or in
nearly 2000 established subscription journals that support open access publishing.
Permitted third party re-use of these open access articles is defined by the author's choice
of Creative Commons user license. See our open access license policy for more
information.
Terms & Conditions applicable to all Open Access articles published with Elsevier:
Any reuse of the article must not represent the author as endorsing the adaptation of the
article nor should the article be modified in such a way as to damage the author's honour
or reputation. If any changes have been made, such changes must be clearly indicated.
The author(s) must be appropriately credited and we ask that you include the end user
license and a DOI link to the formal publication on ScienceDirect.
If any part of the material to be used (for example, figures) has appeared in our
publication with credit or acknowledgement to another source it is the responsibility of the
user to ensure their reuse complies with the terms and conditions determined by the rights
holder.
Additional Terms & Conditions applicable to each Creative Commons user license:
CC BY: The CC-BY license allows users to copy, to create extracts, abstracts and new
works from the Article, to alter and revise the Article and to make commercial use of the
Article (including reuse and/or resale of the Article by commercial entities), provided the
user gives appropriate credit (with a link to the formal publication through the relevant
DOI), provides a link to the license, indicates if changes were made and the licensor is not
represented as endorsing the use made of the work. The full details of the license are
available at http://creativecommons.org/licenses/by/4.0.
CC BY NC SA: The CC BY-NC-SA license allows users to copy, to create extracts,
abstracts and new works from the Article, to alter and revise the Article, provided this is
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not done for commercial purposes, and that the user gives appropriate credit (with a link
to the formal publication through the relevant DOI), provides a link to the license,
indicates if changes were made and the licensor is not represented as endorsing the use
made of the work. Further, any new works must be made available on the same
conditions. The full details of the license are available
at http://creativecommons.org/licenses/by-nc-sa/4.0.
CC BY NC ND: The CC BY-NC-ND license allows users to copy and distribute the
Article, provided this is not done for commercial purposes and further does not permit
distribution of the Article if it is changed or edited in any way, and provided the user
gives appropriate credit (with a link to the formal publication through the relevant DOI),
provides a link to the license, and that the licensor is not represented as endorsing the use
made of the work. The full details of the license are available
at http://creativecommons.org/licenses/by-nc-nd/4.0. Any commercial reuse of Open
Access articles published with a CC BY NC SA or CC BY NC ND license requires
permission from Elsevier and will be subject to a fee.
Commercial reuse includes:
 
Associating advertising with the full text of the Article
 
Charging fees for document delivery or access
 
Article aggregation
 
Systematic distribution via e-mail lists or share buttons
Posting or linking by commercial companies for use by customers of those companies.
20. Other Conditions:
v1.8
Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.
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Figures 2.1 and 2.2
From: matt.newville@gmail.com on behalf of Matt Newville
<newville@cars.uchicago.edu>
Sent: Monday, February 08, 2016 5:00 PM
To:

Barkholtz, Heather M.

Subject:

Re: Permission to use figures in dissertation

Hello Dr. Barkholtz,
Yes, you may use these. If you'd like, there are slightly newer images of these in

Reviews in Mineralogy & Geochemistry Vol. 78 pp. 33-74, 2014 (doi:10.2138/rmg.2014.78.2)
Cheers,
--Matt
On Mon, Feb 8, 2016 at 12:25 PM, Barkholtz, Heather M. <barkholtz@anl.gov> wrote:
Hello Dr. Newville,
May I have permission to use figures 2.1 and 2.5 from your publication titled “Fundamentals of
XAFS”
revision 1.6 from July 22, 2004 in my doctoral dissertation with proper citation?
Thank you for your consideration in this matter,
Heather Barkholtz

Figure 2.6

Dear Heather Barkholtz,
Thank you for your reply. You can use figure 1 in other issues. But please cite the
source in your poster presentation.

Best Regards,
Sherry Ge
SGRE Editorial Office
Scientific Research Publishing
http://www.scirp.org/journal/sgre
Email: sgre@scirp.org
Google-based Impact Factor: 0.93
LinkedIn: www.linkedin.com/in/sherrygejournals
From: customer@scirp.org
Date: 2015-05-13 08:41
To: sgre
Subject: Fw: Requesting Permission to Use a Figure

Please CC me when replying. Thanks!

customer@scirp.org
From: Barkholtz, Heather M.
Date: 2015-05-13 00:24
To: 'customer@scirp.org'
Subject: Requesting Permission to Use a Figure

To Whom it May Concern,
How do I go about requesting permission to reproduce a figure from an article titled “Polymer
Electrolyte Membrane Fuel Cells (PEMFC) in Automotive Applications: Environmental Relevance of the
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Manufacturing Stage” by Daniel Garrain, Yolanda Lechon, and Cristina de la Rua from the journal Smart
Grid and Renewable Energy volume 2, pages 68-74, published in 2011?
I would like to use figure 1 from this article in a poster presentation for the Electrochemical Society.
Thank you for your time in this matter,
Heather Barkholtz
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Chapters 3 and 4
American Chemical Society’s Policy on Theses and Dissertations
If your university requires you to obtain permission, you must use the RightsLink permission
system.
See RightsLink instructions at http://pubs.acs.org/page/copyright/permissions.html.
This is regarding request for permission to include your paper(s) or portions of text from
your paper(s) in your thesis. Permission is now automatically granted; please pay special
attention to the implications paragraph below. The Copyright Subcommittee of the Joint
Board/Council Committees on Publications approved the following:
Copyright permission for published and submitted material from theses and dissertations
ACS extends blanket permission to students to include in their theses and dissertations their own
articles, or portions thereof, that have been published in ACS journals or submitted to ACS
journals for publication, provided that the ACS copyright credit line is noted on the appropriate
page(s).
Publishing implications of electronic publication of theses and dissertation material
Students and their mentors should be aware that posting of theses and dissertation
material on the Web prior to submission of material from that thesis or dissertation to an
ACS journal may affect publication in that journal. Whether Web posting is considered
prior publication may be evaluated on a case-by-case basis by the journal’s editor. If an
ACS journal editor considers Web posting to be “prior publication”, the paper will not be
accepted for publication in that journal. If you intend to submit your unpublished paper to
ACS for publication, check with the appropriate editor prior to posting your manuscript
electronically.
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Reuse/Republication of the Entire Work in Theses or Collections: Authors may reuse all or part
of the Submitted, Accepted or Published Work in a thesis or dissertation that the author writes
and is required to submit to satisfy the criteria of degree-granting institutions. Such reuse is
permitted subject to the ACS’ “Ethical Guidelines to Publication of Chemical Research”
(http://pubs.acs.org/page/policy/ethics/index.html); the author should secure written confirmation
(via letter or email) from the respective ACS journal editor(s) to avoid potential conflicts with
journal prior publication*/embargo policies. Appropriate citation of the Published Work must be
made. If the thesis or dissertation to be published is in electronic format, a direct link to the
Published Work must also be included using the ACS Articles on Request author-directed link −
see http://pubs.acs.org/page/policy/articlesonrequest/index.html
* Prior publication policies of ACS journals are posted on the ACS website at
http://pubs.acs.org/page/policy/prior/index.html
If your paper has not yet been published by ACS, please print the following credit line on the
first page of your article: "Reproduced (or 'Reproduced in part') with permission from
[JOURNAL NAME], in press (or 'submitted for publication'). Unpublished work copyright
[CURRENT YEAR] American Chemical Society." Include appropriate information.
If your paper has already been published by ACS and you want to include the text or portions of
the text in your thesis/dissertation, please print the ACS copyright credit line on the first page of
your article: “Reproduced (or 'Reproduced in part') with permission from [FULL REFERENCE
CITATION.] Copyright [YEAR] American Chemical Society." Include appropriate information.
Submission to a Dissertation Distributor: If you plan to submit your thesis to UMI or to another
dissertation distributor, you should not include the unpublished ACS paper in your thesis if the
thesis will be disseminated electronically, until ACS has published your paper. After publication
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of the paper by ACS, you may release the entire thesis (not the individual ACS article by itself)
for electronic dissemination through the distributor; ACS’s copyright credit line should be
printed on the first page of the ACS paper.
10/10/03, 01/15/04, 06/07/06, 04/07/10, 08/24/10, 02/28/11
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Chapter 5
Dear Ms. Barkholtz,
Yes, the copyright for articles published in Catalysts stays with the authors (CC BY license terms), and
you are allowed to reuse the article with proper citation.
Kind regards,
Luca Rasetti
MDPI

Am 08.02.2016 um 19:50 schrieb Heather Barkholtz:
> Hello,
>
> May I have permission to reproduce the article Barkholtz, H. M.;
> Chong, L.; Kaiser, Z. B.; Xu, T.; and Liu, D. J. "Highly Active
> Non-PGM Catalysts Prepared from Metal Organic Frameworks" Catalysts,
> 2015, 5, 955-965. as a part of my doctoral dissertation with proper citation.
>
> Thank you for your time in this matter,
>
> Heather Barkholtz

